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PERFORATED COVER PLATES FOR STEEL COLUMNS: 
PROGRAM AND TEST METHODS 


By Ambrose H. Stang and Martin Greenspan 





ABSTRACT 


Tests were made to determine the mechanical properties of perforated cover 
plates intended to be used as a substitute for lattice bars or batten plates in 
built-up box-type columns. Each test column was built up from one perforated 
pate and either two or four angles. Columns with unperforated plates were 
ised as controls. 

In this paper the program is outlined and the methods of test are described. 
The results of the tests and the conclusions will be presented in subsequent papers. 
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I. INTRODUCTION 


The established practice in the design of compression members o; 
bridge trusses has been to construct such members of a box-type cross 
section; and the custom of designers, until recently, has been to us, 
two channels with a cover plate on one side and lattice bracing or 
battens on the other, or a similar construction with four angles and 
two web plates in place of the channel sections. Latticing and batten- 
ing for such members have been used merely to brace the flanges of the 
channels or angles and to resist longitudinal shear along the axis 0; 
the member, and not as being effective in resisting either moment or 
thrust. 

Modern bridge-design practice has recognized the desirability o; 
providing openings for inspecting and painting the interior surfaces. 
During recent years the oxys acetylene cutting torch, manually ; 
mechanically guided, has been extensively used for cutting steel = , 
to size and shape. Designers have made a progressiv ely) wider use of 
cover plates containing “torch-cut perforations in place of on 
or battening, but opinion has been divergent as to the proper value t; 
be assigned in such construction to the carrying of moment and eng 
and also regarding its effective rigidity. A bridge having perforations 
in the cover plates of the diagonal columns is shown in figure 1. 

The Bureau of Reclamation, United States Department of the 
Interior, carried out an experimental study of perforated cover plates 
as a substitute for lattice bracing in connection with the design of the 
Pit River Bridge, on the Central Valley Project in California. 

Photoelastic and deformeter tests [1]! were made on small-scal 
celluloid models. 

The Committee on Technical Research of the American Institut 
of Steel Construction, believing that it was desirable to determine by 
comprehensive tests on full-scale steel specimens the strength of and 
stress distribution in compression members with perforated cover 
plates, authorized its chairman, F. H. Frankland, Director of Engi- 
neering of the Institute, to approach the National Bureau of Stand- 
ards with an explanation of the need for such an investigation in order 
to determine the measure of increased safety, greater efficiency, and 
economy that might be possible with the use of perforated cover-plate 
construction. From the evidence submitted at several conferences, 
the National Bureau of Standards concluded that the proposed investi- 
gation was in the public interest and agreed to proceed with the tests, 
with the cooperation of the American Institute of Steel Construction. 

In preparing the outline and scope of the proposed investigation, the 
Institute’s Committee on Technical Research obtained expressions on 
the subject from many of the leading bridge and structural engineers 
of the country, in order that an integrated approach to the problems 
presented c ould be made and thereby ‘dev elop as completely as possibl: 
the information sought. 

The program was prepared by the Bureau and the Institute's 
Committee on Technical Research: Comfort A. Adams, the late Otis 
E. Hovey, H. D. Hussey, Jonathan Jones, J. R. Lambert, L. S. Mois- 
seiff, Walter Weiskopf, and F. H. Frankland, chairman. The Com- 
mitteewas assisted by Shortridge Hardesty, Frank M. Masters, and 
Henry C. Tammen. 


1 Figures in brackets indicate the references at the end of this paper. 
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It was decided to study the following variables: shape of perforation 
acing of perforation, and width of plate 
described. é 


it 
In this paper the program is outlined and the methods of te 
ented in subsequent papers 


’ 
) 5 t are 
lhe results of the tests and the conclusions will be pre- 


II. COVER-PLATE COLUMNS 
is 


MATERIAL 


In order to limit the investigation to a reasonable number 
. y} “ . : 


of col- 


mns, it was decided to use cover plates of only one thickness, namely 
plates to complete the columns. The plates and angles were of open- 


three-eighths inch and to use 8- by 4- by 4-in. steel angles with the 
7 arth low-carbon steel. 


2. COVER PLATES AND ANGLES 
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The details and designations of the plates and angles are shown 
in figures 2, 3, 4, and 5. 

Two shapes of perforation were used; circular perforations for the 
C1 plates (fig. 2), and ovaloid perforations having the shape of a 
square with ‘semicircles erected on two opposite sides for the C2. 
C3, and C4 plates (figs. 3, 4, 5). 
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Figure 3. Plates and angles for the C2 columns. 


For each designation C1, C2, C3, or C4, the shape and size of the 
perforations were the same, but three different spacings of perforations 
were used, giving rise to the designations C1.A, C1B, C1C, C2A, etc. 

For each designation C/A, C1B, etc., three like plates, together 
with two coupons, all cut from the same mill- length, as shown 
figure 6, were provided, making a total of 36 perforated plates. 
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There were three different widths of plates, namely 15, 20, and 25% 
in., the Cl plates (fig. 2) and the C3 plates (fig. 4) being both : 20 in. 
wide. The ratio of the net to the gross cross- “sectional » area was 55 
percent for all the perforated plates. A suggestion that the program 
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Figure 4. Plates and angles for the C3 columns. 


be extended to include plates of various net to gross area ratios is 
being considered. 

Three unperforated plates of each of these three widths were also 
provided, or nine unperforated plates in all. The C1D plates shown 
in figure 2 are the same plates as the C3D plates shown in figure 4. 
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The nomenclature for the various plates and angles is shown jy 
figures 2 to 6. Thus the plate having round holes, with a perforatioy 
spacing of 2 ft 9 in. and taken from the middle of the mill-lengt}, 
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Ficure 5. Plates and angles for the C4 columns. 


is designated as plate C/B(2-3). Coupons from portions of the plate 
adjacent to plate C1B(2-3) are designated as coupons C1B(i-2) and 
C1 B(3-4). 
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The columns will be identified by the designation of the plate, 
followed by the item (two angles) or (four angles). 


3. PREPARATION OF THE PLATES AND ANGLES 


The Bethlehem Steel Company furnished the material for the speci- 
mens. The shop operations in preparing the material were carried 
out under the supervision of M. S. Bachman, Field Representative 
of that company. nt eee . 

The plates and angles were individually cut to length and drilled 
for bolts so that each angle could be used in conjunction with any 
plate. The number of angles required was thus greatly reduced. 

The usual procedure in preparing test columns is to mill the ends 
of the columns after assembly. A secondary object of this investi- 
vation was to determine under what conditions columns assembled 
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Figure 6. Typical cutting diagrams for the plate and angle material. 


from individually machined components are suitable for test purposes. 

The material for the plates and angles, each 14 ft 9 in. finished 
length, was in multiples of three main sections, with sufficient added 
length for two pieces each 2 ft long for coupons. Thus from each 
mill-length, five pieces properly identified by marking and stenciling 
were cut, as shown in figure 6. 

The sheared lengths to which this material was cut allowed three- 
eighths inch at each end for finish. The perforations, where re- 
quired, were burned out and finished to the dimensions shown in 
figures 2, 3,4, and 5. The burning of these holes was performed with 
an oxyacetylene torch, the torch being controlled mechanically? by 
a Radiograph. The holes were then smoothed up with a portable 
power grinder. 

The plates were roll-straightened and all the material was checked 
for good alinement. All the plates and angles were then premilled, 
allowing one-sixteenth inch at each end for a subsequent finish cut. 
Bolt holes in the 14-ft 9-in. pieces were drilled from the solid, using a 
master drilling templet for the purpose. The material was again 
checked for accuracy of spacing. 
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The finishing cuts were made on a milling machine, and the members 
were doweled to a jig fastened on the table of the milling machine to 
produce an accurate end gage of holes on all the pieces alike. As q 
further precaution, the ends from which all the pieces were initially 
set for milling were identified by marking for assembly purposes. — 


4. DIMENSIONS 


The thickness of each plate was measured at 5 points along each 
end, and the 10 readings were averaged. The readings were taken 
with a micrometer caliper, being estimated to 0.0001 in. 

The width of each plate was measured at five locations along the 
length, using a special outside caliper provided with two micrometer 
dial gages. The contact points of the gages were in contact, one with 
each edge of the plate at midthickness. The width of the plate was 
determined from the micrometer dial gage readings when in contact 
with the plate edges as compared with the readings when in contact 
with the ends of an inside micrometer caliper having a known length, 
The five plate-width readings, taken to 0.001 in., were averaged. 

The lengths of the plates were measured with a steel tape. 

The dimensions of the perforations were measured with inside 
micrometer calipers. 

The diameters of 16 of the bolt holes in each plate were measured 
with a telescoping gage and micrometer caliper. 

The plates were weighed. 

Similar measurements were made on the angles. 


5. AREAS 


Factors of stress concentration, column efficiencies, and other 
properties of perforated columns may be based on either the gross 
cross-sectional area or the net cross-sectional area.  Elasticians 
commonly use the gross area, whereas many engineers prefer to use 
the net area. In these reports the results will be given both ways. 

The gross area of the plate was taken as the product of the average 
thickness by the average gross width, no deduction being made for 
bolt holes or perforations. 

The net width of the plate was taken as the gross width minus the 
average of the widths of all the perforations, no deduction being made 
for bolt holes. The net area of the plate was taken as the product of 
the average thickness by the average net width. 

The cross-sectional area of the angles was obtained by multiplying 
the average thickness by the factor (the sum of the average widths of 
the two legs minus the average thickness), no deduction being made 
for bolt holes. 

The gross area, A, of a column was then the sum of the gross area 
of the plate and the areas of the component angles. 

The net area, A,, of a column was the sum of the net area of the 
plate and the areas of the component angles. 


6. COLUMN-TESTING PROGRAM 
(a) COLUMNS LOADED IN THE ELASTIC RANGE 


€ 


Each of the 36 perforated and 9 unperforated plates, with 2 angles 
and with 4 angles bolted to the plate, as shown at the bottom of 
figures 2, 3, 4, and 5, was subjected to compressive tests in the elastic 
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range. The angles used with the various plates were taken at random 
from those furnished. No difficulty in bolting the plates and the 
angles together was experienced. 

The bolts were 1 in. in diameter, 3 in. long, and threaded 2 in. with 
in. National Coarse threads. The bodies were turned to a diameter 
of 0.917 in. Steel washers three-eighths inch thick were used under the 
nuts. The bolt holes were about 0.94 in. in diameter, so that they 
were not completely filled by the bolts even when the columns were 
under load. 

(b) COLUMNS FOR MAXIMUM LOADS 

After the tests in the elastic range had been completed, specimens 
consisting of a plate and the two angles which had been bolted to it 
were riveted at the plant of the Barber & Ross Co. and subjected to 
maximum compressive-load tests. Some of the rivets were driven 
before all of the bolts were removed, so that the alinement of the 
plate and angles was not disturbed. Maximum load tests were 
performed on one two-angle column of each group of three like two- 
angle columns. Twelve columns contained perforated plates and 
three columns unperforated plates. 


III. COUPONS AND METHOD OF TEST 


A coupon was cut in the direction of rolling from each 2-foot piece 
of material (fig. 6). The coupons were 16 in. long, 2.5 in. wide, and 
of the thickness of the material as rolled. They had parallel edges 
throughout their length. 

The coupons were tested in the elastic range in tension in a hori- 
zontal hydraulic testing machine. The axial strains were measured 
on four gage lines, two on each side of the coupon, and each located 
halfway between an edge and the midwidth of the coupon. The 
strains were measured by means of Tuckerman optical strain gages [2], 
2-in. gage length. Readings were estimated to 2 10~° in. 

Strain-gage readings were taken at an initial stress o,, and at 
integral multiples of o,, o; @=1, 2,3, ...,”). Young’s modulus of 
elasticity, H, for the coupons was calculated from the stress and axial- 
strain data by the method of least squares, using the formula ” 


ni—n 
n e nr ’ 
22vie—(n+1) Dies 
i= i= 


where each e; is the average axial strain corresponding to the stress o;. 

Transverse strains at midlength of the coupons were also measured 
by means of Tuckerman optical strain gages, 2-in. gage length, one 
on each side of the specimen. Poisson’s ratio, v, for the coupons was 
calculated from the Young’s modulus of elasticity, and the stress 
and the transverse-strain data by the method of least squares, using 
the formula 





E=2 


6 (1) 


, 


Oo} 


? Equation 1 was derived on the assumption that the stress values were not subject to error and was thus 
not strictly applicable to these data. However, the departure of the data from a straight line was so small 
88 to cause the moduli computed from eq 1 to be not significantly different from those computed from the 
pon cumbersome formula derived on the assumption that both the load and strain data were subject to 
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where each e’; was the average transverse strain corresponding to the 
stress o;. 

The yieid point, tensile strength, and elongation in 8 in. were 
determined in a vertical hydraulic testing machine. 

The yield point was determined by the drop-of-beam method 
The rate of strain was approximately 0.0005/min. until the yield point 
was reached, then 0.0015/min. until fracture. 

Chemical analyses for carbon, manganese, phosphorus, and sulfur 
were made on composite samples of the steel for each of C1, C2, 03. 
C4, and Cbd. 


IV. PROCEDURE FOR COLUMNS LOADED IN THE ELASTIC 
RANGE 


1. BOLTING THE PLATES AND ANGLES 


The plates and angles for the columns were bolted together before 
the column was placed in the testing machine. The nuts were tight- 
ened with a torque wrench so that the tensile stress in the bolts did 
not exceed 4,500 Ib/in.2 on the root area? The column was then 
placed in a vertical screw-power, beam-and-poise type of testing 
machine, 600,000-lb capacity, on a hardened steel plate. The centroid 
of the cross section of the column was made to coincide with the load 
line of the testing machine. <A load of 20,000 lb was then applied to 
the column through a spherical bearing suspended from the movable 
platen of the testing machine, and reduced to 4,000 lb. This load was 
applied for the purpose of bringing the ends of the plates and angles 


as nearly as possible into the same planes. The nuts were then 
tightened still more, until the tensile stress in the body of the bolts 
was about 15,000 lb/in.? on the root area. 


2. TESTING PROCEDURE 


(a) COMPRESSOMETERS 


Compressometers having a gage length equal to an integral number 
of bay lengths‘ for the perforated-plate columns, and not less than 
one-third of the length of the column for the unperforated-plat 
columns, were used to measure the shortening of the columns under 
load. These gage lengths for the perforated-plate columns were 
chosen so that the solid end-portions of the perforated plates were 
not included in the gage length. The gage-length shortenings rep- 
resent the shortening in the uniformly perforated portion of the plate. 
The middle of the gage length was at midheight of the column. The 
lower ends of the rods actuated dial micrometers attached to the 
column at the lower gage mark. One division on the dials was 0.000! 
in., and readings were estimated to 0.1 division. Calibration of the 
dial micrometers showed that the error did not exceed 0.0002 in. 

Eight compressometers, arranged as shown in figure 7, were used 
on the columns, except that for the tests in the elastic range of the 
C2 columns, and of the C4A and C4B columns, the compressometers 
indicated by the dashed-line circles in figure 7 were omitted. 

3 The relation between tension in the body of the bolt and torque on the nut was determined by measure- 
ments in a testing machine. 


4 A bay length is taken in this report as the length of the perforated plate between the center of two adja 
cent perforations. 
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(b) CORRECTION OF SHORTENING FOR CHANGES IN TEMPERATURE 


Unavoidable changes of temperature during the tests were some- 
times large enough to affect the shortening data. Two unstressed 
angles, located as shown at T, figure 7, and provided with compressom- 
eters of nearly the same gage length as the column, were used to 
determine the strain due to temperature changes. ‘Tests indicated 
that the temperature strains in the unstressed angles and in the test 
column were practically equal if the temperature variations were not 
(oo rapid and the shortening data for the test column were accordingly 
corrected. 

Column C2B (0-1) (four angles) in the testing machine is shown in 
figure 8. One of the unstressed angles used for temperature correction 
is shown at the right. 








7 T 
FicurRE 7.—Location of the compressometers (indicated by circles) on the columns. 


gles (7) were used for temperature correction. The dashed-line circles indicate compressometers 


eal 
not used during the elastic-range tests on the C2, and on the C4A and C48 columns. 


il Were 


(c) LOADING 


A compressive load equal to 20 kips/in.? was applied to the un- 
perforated-plate columns and released five times. Compressometer 
readings were then taken at stress increments of 2 kips/in.? from 2 to 
20 kips/in.?> For the perforated-plate columns, the largest loads used 
were those which produced a strain in the gage length approximately 
equal to the strain produced in the unperforated-plate columns by ¢ 
stress of 20 kips/in.? 

The repeated loadings resulted in a linear relationship between load 
and shortening for this load range. 


3. MODULUS OF THE COLUMNS 


The term ‘modulus,’ £’, of a column will be used to denote the 
ratio of the average stress to the average strain in the compressometer 
gage length. The average stress was obtained by dividing the total 
compressive load on the column by the cross-sectional area (gross or 
net), determined as described in section I]—5. 

The modulus was calculated from the average-stress, average- 
strain data by means of eq 1. 

On these columns 20 


LL 
A he largest load for the CJ-, C3-, and C4D (4 angles) columns was 18 kips/in.? 
kips/in.? Would exceed the capacity of the testing machine. 
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4. EFFECTIVE AREA OF THE PERFORATED PLATE 


The effective cross-sectional area with respect to shortening under 
compressive load of the uniformly perforated portion of a perforated 
plate is the cross-sectional area of an (hypothetical) unperforated 
plate of the same material in which, for the same total load, the strain 
would be the same as the average strain in the perforated plate. 
This effective area is denoted by KA,, where A, is the cross-sec- 
tional area (gross or net) of the perforated plate; AK is thus a measure 
of the effectiveness of the perforated plate in resisting shortening 
under compressive load. It may be computed on either a gross- or 
a net-area basis. 

For a given perforated plate, K is computed by comparison of the 


modulus, #,’ (based on gross or on net area), for a column consisting 
of the plate and two (or four) angles, with the modulus £,’, for a 
column consisting of an unperforated plate of the same gross width 
as the perforated plate and two (or four) angles. It is sufficient to 
take the gross cross-sectional area of the unperforated plate to be the 
same as the gross cross-sectional area of the perforated plate, and 
similarly for the angles, of which the total cross-sectional area is 
denoted by Ay. Then assuming that Young’s modulus of elasticity 
for all the material in both columns is the same, 


EH,’ KA,+A, 
i ice a ee meat 
; E,’ A,+A, 
from which 
Net Se Ty hy (3) 
ae v7 
E, oe A; 
The effective area of the perforated plate was K.A,, where K and A, 
were both based on gross area or both on net area. 


5. STRAINS 
(a) GENERAL 


Studies were made of the strain distribution in the middle bays 
of the perforated plate columns. 

Strain readings were taken at two loads—at a small initial load and 
at the largest load used for the determination of the modulus. These 
readings were taken during subsequent loadings after the modulus 
had been determined and the compressometers removed. 


(b) ON THE EDGE OF THE PERFORATION 


Strain-gage holes for 2-in. gage lengths were drilled on the edge of 
the middle perforation at midthickness of the plate. The gage lengths 
were spaced continuously, beginning at midwidth of the plate and 
extending in each quadrant of the perforation to or past the midlength 
point at the side of the perforation. Other gage lengths overlapping 
these were located so as to give more values in the regions of rapidly 
changing strain. 

The strains were determined by means of a Berry strain gage 
operated by hand. One division on the dial micrometer of this 
instrument is 0.001 in., which, for the gage holes used, amounted to @ 
strain of 0.000095. Readings were estimated to 0.1 division. 
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8.—Column C2B (0-1) (four angles) in the testing machine during the 
test in the elastic range. 


compressometers on the column and on the unstressed angle at the right which was used for 
temperature correction. 
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Figure 10.—Huggenberger tensometers on column C2B (2-3) (four angles 
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These data were taken for each column. The strains for gage lines 
similarly located were averaged for the four quadrants of the perfor- 
ation and for the three like columns. 


(c) ON THE SURFACES OF THE PERFORATED PLATE 


Strain-gage holes for 2-in. gage lengths were drilled on both sides 
of the plate, in an equilateral triangular pattern over the middle bay 
length. For some plates additional lines of holes were drilled parallel 
to and near the edge of the angles. Figure 9 shows the gage-hole 
lay-out on the plate for column C2B(2-3). The strains were deter- 
mined by means of a Whittemore strain gage, 2-in. gage length, oper- 
ated by hand. One division on this instrument corresponds to a strain 
of 0.00005. Readings were estimated to 0.1 division. From this 
gage-hole lay-out it was possible to determine the strains at a point in 




















| 
| 
| 








FiaurE 9. Strain-gage hole layout for column C2B(2-3), 


three directions for all the gage points except those close to the edge 
of the angle. For those locations where a 2-in. gage length could not 
be obtained, the strains were determined by Huggenberger tensometers 
having a gage length of either 1 or 0.5 in. These tensometers are 
shown in figure 10. An estimated place on the scale of these instru- 
ments corresponds to a displacement of about 0.00001 in. The 
calibration factors for the different tensometers varied to some extent. 
The strains for gage lines similarly located were averaged for the four 
quadrants and two sides of the plate. The strains on the surfaces of 
the perforated plate were measured for one of each set of three like 
four-angle columns, namely the C—(2-3) (four angles) columns of 
each of which the plate was the middle section of the original mill- 
length (fig. 6). 

For the C2 series the strains on the surfaces of the plate were 
measured for both the four-angle and two-angle columns. The addi- 
tional labor was not justified by the additional information obtained 
on the two-angle columns; hence these measurements were made on 
only the four-angle columns of the other series. 
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(d) ON THE ANGLES 


Strain-gage holes for 2-in. gage lengths were drilled on each side 
of each angle in the 8-in. leg on a line 2.86 in. from the back of the angle, 
The strains were measured by means of a Whittemore strain gage, 
2-in. gage length. The strains for the gage lines similarly located 
were averaged ‘for both sides of the angles “and for locations above and 
below midheight of the column. For the two-angle columns 8 strain 
values were averaged, and for the four-angle columns 16 were ay eraged. 

The strain-gage readings on the angles were taken only for the six 
columns having C2 perforated plates. The difference between the 
strain value computed from the modulus for the column and for any 
of the gage lines on the angles, as determined by the strain-gage 
readings, was of the order of magnitude of the experimental error of 
the strain- -gage determinations. Since no significant variation in 
strain along the length of the angles could be found for the columns 
having the C2 perforated plates, it was not considered worth while to 
take these data for the other columns tested later. 


(e) STRAIN FOR UNIT LOAD 


After the average strains, e, for each gage length had been com- 
puted, these values were divided by the average-stress increment, 
P/A, between the small and large loads at which strain-gage readings 
were taken. The strain values «/(P/A), thus obtained and used 
throughout these reports are then strain values per kip per square 
inch of gross, or in some cases, net cross-sectional area of the column. 


6. STRAINS AT A POINT 


Since the gage readings determined only the mean strains in the 
gage lines, the strain at a given point, either at the end or elsewhere 
in the gage length, was not given directly by the readings unless the 
strain varied nearly linearly from one end of the gage line to the other 
end. This was true for only limited portions of the perforated plates. 
The strain at a point in a given direction may however be approxi- 
mated by calculations according to Greenspan’s method [3], which 
takes into account the strains in the contiguous gage lengths of the 
same line through the point. 

As examples of the results of the use of this method, the strains at 
a point on the edge of the perforation for the C2B columns (line AC 
of fig. 9) and in a line on the surface of the plate of the C2B(2-3) 
column (line ab of fig. 9), computed from the mean strains obtained 
using the strain gages, are shown in figures 11 and 12. 

In figure 11, the circles represent the observed data for the edge 
of the perforation and the dotted line the faired values of these ob- 
served data. The full line shows the strains at a point, as computed 
by the central-difference formula with k=4. 

In figure 12, the circles represent the observed data for the inclined 
line ab of figure 9 and the dotted line the faired values of these data. 
The full line shows the strains at a point, as computed by the descend- 
ing-difference formula with k= 

By one or both of these ie the strains at each gage point 
in the triangular system of points on the plate, for example as illus- 
trated in figure 9, for each of three directions through the point were 
obtained. 
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7. PRINCIPAL STRESSES 
(a) GENERAL 


From the elastic constants / and yu, and the strains corresponding 
to a mean stress on the gross or on the net cross section of the column 
of 1 kip/in.”, the stresses at each gage point were computed. These 
local stresses correspond, like the strains, to the unit mean stress on 
the gross or on the net cross section of the column. 
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FiauRE 11.—Strains on the edge of the perforation in column C2B(2-3). 
lhe circles represent mean strain values as determined from the strain-gage readings. The dotted line 


represents the faired values and the full line the strains at a point, computed by Greenspan’s method, 
using the central-difference formula. 
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FiguRE 12.,—Strains along the inclined line ab of figure 9 for column C2B(2-3). 


The circles represent mean strain values as determined from the strain-gage readings. The dotted line 
represents the faired values and the full line the strains at a point, computed by Greenspan’s method, using 
the descending-difference formula. 





(b) ON THE EDGE OF THE PERFORATION 


Since the shearing stress on an unloaded boundary is zero, the 
directions of the tangent and normal to the boundary at any point 
are principal directions. The principal stress normal to the boundary 
is zero, sO that the principal stress tangent to the boundary is com- 
puted by multiplying the strain by Young’s modulus of elasticity, E. 

The principal stresses tangent to the edge at various points of the 
perforation were computed, using the average value oi / obtained 
from the two corresponding coupons. These stresses were the 
average stresses for three like perforated plates cut from the same 
criginal mill-length. Where the stress tangent to the edge was posi- 
tive (tension), it was a maximum principal stress and the minimum 


455653—42——2 
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principal stress was zero. Where the stress tangent to the edge was 
negative (compression ), it was a minimum principal stress and the 
maximum principal stress was zero. 


(c) ON THE SURFACES OF THE PERFORATED PLATE 


The magnitude and direction of the principal stresses at the gage 
points on the surfaces of the perforated plates, for example as illus- 
trated in figure 9, were computed from the strains €a, €, and e, (see 
fig. 13), at each point in the three directions in which strain determina- 
tions were made and from the average values of the Young’s modulus 
of elasticity, H, and Poisson’s ratio, uw, for the two coupons from the 
material adjacent to the plate material, by the forumlas [4, 5). 


v 


b 
FIGURE 13.—Three gage directions (a, b, c) intersecting at O. 
Directions (u, ») of principal stresses. As shown above, the angle @ is positive. 


[5 | i mae 
€) tat y (€g— €p)?+ (ep— €c)? + (ee-— «)}) 





~ E ee (eg te+ 


where o, and o, are the maximum and minimum principal stresses, 
respectively, and 


n 2@=> ua (er—€, (5) 


€a— €p— Ee 


where @ is the angle shown in hie 13 measured positive in the abe 
direction from the direction of o, to direction a. 


(d) ON THE ANGLES 


A study of strain rosette measurements made on outstanding legs 
of angles of steel rigid-frame specimens previously tested [5] showed 
that the directions of the principal strains were, within the experi- 
mental error, parallel and perpendicular to the axis of the angle except 
near the ends of the : angle. With the first tests of the columns having 
perforated steel cover plates, the strain in the angles on the axial gage 
lines corresponded to the strain computed from the load and the 
modulus of the column. 

It was therefore considered not necessary to use rosette measure- 
ments on the angles. The strains in the gage lengths on the angle 
were taken as minimum principal strains, and the stresses per pendicu- 
lar to the axis of the angle were taken as zero. The minimum pmnci- 
pal stresses were computed from these strains by multiplying by the 
average value of Young’s modulus of elasticity for the coupons which 
represented the angles ‘of the column. 
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Vv. PROCEDURE FOR MAXIMUM.-LOAD TESTS OF COLUMNS 
1. TESTING PROCEDURE 


(a) CENTERING THE COLUMN 


The columns were tested in a vertical hydraulic compression-testing 
machine of 10,000-kip capacity. The lower (moving) platen of this 
machine is mounted on a spherical bearing, so that the platen can be 
tilted. The column was placed in the testing machine so that its 
centroidal axis, whose position was computed from the cross-sectional 
area of the angles and the effective cross-sectional area of the plate, 
coincided with the geometric axis of the testing machine. 

Eight compressometers, located as shown in figure 7, were attached 
io the column. The gage length of the compressometers was the same 
as that used in the elastic- -range tests. The lower platen of the testing 
machine was tilted so that the deformations, observed on the four 
compressometers on the angles, between zero load and a load approx- 
imately equal to the largest. load used in the elastic-range test were as 
nearly as possible the same. Column C2B(2-3) is shown ready for 
test in figure 14. 

(b) AXIAL SHORTENINGS 


Data were taken to complete the stress-strain curve for stresses 
reater than those used in the elastic-range test. The strains were 
computed from the deformations observed on all eight compress- 
ometers. The compressometer dials were graduated to 0.001 in. 
Readings were estimated to 0.1 division. 


(c) DEFLECTIONS 


The deflections at midheight of the column, in planes at right- 
angles to the principal axes of inertia of the cross sections, were meas- 
ured at various loads. The deflections were determined to 0.01 in. by 
the taut-wire mirror-scale method. The distance between the sup- 
ports for the wires was 14 ft 3 in. 


(d) MAXIMUM LOAD 


The column was compressed until the maximum load was reached, 
and straining was further continued until the mode of failure was 
visually obvious. 


2. EFFECTIVE AREA OF PLATE 


Let omax be the average stress obtained by dividing the maximum 
load on an unperforated-plate column by the gross cross-sectional 
area. The effectiveness with respect to compressive strength of a 
perforated plate of the same width may then be evaluated on the 
assumption that the average compressive stress at failure on the 
effective area of the perforated- plate column is the same as Omax. 
Then Ag omaxis the load carried at failure by the angles of the perforated- 
plate column, and if Pax is the total load at failure, | a 
the load carried by the perforated plate at failure. The effective area 
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of the plate is (Pnas— Ae max) /Omax, and C, a measure of the effective- 
ness of the plate with respect to compressive strength, is 


"4 >) 
‘oo Pax— Aqomax __ I max _A, 


Atanas A,Gusx é 1, 


C may be taken on a gross- or on a net-area basis, depending on 
which value of A, is used. 
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PERFORATED COVER PLATES FOR STEEL COLUMNS: 
COMPRESSIVE PROPERTIES OF PLATES HAVING OVAL- 
OID PERFORATIONS AND A WIDTH-TO-THICKNESS 
RATIO OF 40 


By Ambrose H. Stang and Martin Greenspan 


ABSTRACT 


Tests were made to determine the mechanical properties of perforated cover 
plates intended to be used as a substitute for lattice bars or batten plates in built- 
up box-type columns. Each test column was built up from one perforated plate 
and either two or four angles. Columns with unperforated plates were used as 
controls. 

This paper gives the results of the tests on columns having plates of three 
lifferent perforation spacings. 

It was found that the perforated plates contributed to the strength, and espe- 
cially to the stiffness, of the columns, and that the factor of stress concentration, 
due to the presence of the perforations, varied from 2 to 2.5 based on the gross 
area (1.8 to 2.1 based on the net area). 
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I. INTRODUCTION 


This paper is the second of a series dealing with the mechanica] 
properties of perforated cover plates intended to be used as a substitute 
for lattice bars or batten plates in built-up box-type columns. Ap 
outline of the program and description of the test methods were pre- 
sented in Research Paper RP1473.! 

In this paper are presented the test results for the C2 series of 
plates, which were 15 in. wide by % in. thick, and of which some had 
ovaloid perforations. 


II. COVER-PLATE COLUMNS 
1. GENERAL 


The details of the C2 plates and of the angles are shown in figure 1. 
Each plate shown represents three like plates, designated (0-1), (2-3), 
and (4-5), and the angle shown represents many like angles which 
were used interchangeably with the plates to form the columns of 
which the cross sections are shown in the figure. The composition of 
the C2 columns is given in table 1. 


TABLE 1.—Composition of C2 columns 


[The designation of the plate is that of the column minus the item “four angles’ or “two angles.”’ The 
(0-1)-, ~ 3)-, and (4-5)-columns whose designations are otherwise the same contained the sam: 
angles. 








Column designation esinl designations 


(0-1), C5B(2-3), COM(4-5), C5 F(4-4). 
(0-1), C SB(3-8). 





( ) four angles ---- 
(_...) two angles_._- 


‘a 
| 
| C5 


) four angles_.---- 


F 

F 

FU- 5, C5M(4-5), C5 F(2-8), C5G(4 
) two angles-_--- FU- 


» C5M(4-6). 


) four angles Sats he oe 5), C5 F(2-8), C5M(2-38), C5C(4-5). 
) two angles-__-_- 2 ate C5G(4-6), C 6 F (2-3). 


) four angles_-_-_----_-- ...| C5H(4-5), C5.A(4-5), C5B(2-8), C5 F(0-1). 
..) two angles-__-_- : : C5H(4-6), C5A(4-6. 


C5 
C5 
C5 
C5 





2. DIMENSIONS 


The dimensions given in figure 1 are nominal. There were the usual 
commercial variations in the thicknesses and widths of the plates and 
angles. The variations in the dimensions of the perforations were 
considerably greater; for some plates the difference between the 
minimum and maximum perforation width was of the order of 0.1 in. 
The cross-sectional areas of the plates and angles, computed from the 
measured dimensions, are given in table 2. 


1 Ambrose H. Stang and Martin Greenspan, Perforated cover plates for steel columns: Program and test 
methods. J. Research NBS 28, 669 (1942) RP1473. 
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FiGURE 1.—Plates and angles for the C2 columns. 
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TABLE 2.—Areas of plates and angles for C2 columns 


Plates 


Gross 


os atior esignati 
Designation aoa Designation 


C5A (4-5) 

C5B(2-8) 
| C5C(4-5) 
| C5 F(0-1) 
| C5F(2-8) 
| C5F(4-6) 

C5G(4-5) 
| C5H(4-5) 
| C5M(2-3) 
| C5M(4-5) 


nen on 


2 


0S 80 0S FS 09 6 UE 8S 


°° 
~ 
» 

=] 





ARBRABBRAB?S 





Sr gM EH EN EH GH oN 
4 I yor 





3. CONDITION OF ENDS 


The plates and angles had been prepared with unusual care, so that 
the ends of the columns were reasonably flat. However, the ends 
were not flat in the sense that milled ends are flat. When the col- 
umns were stood on end on a flat steel plate, very little tendency to 
teeter was observed. 


III. PROCEDURE 
1. COUPONS 


Coupons representing the plate and angle material were cut in the 
direction of rolling and tested in tension. Young’s modulus of elas- 
ticity, H, Poisson’s ratio, u, yield point, tensile strength, and elonga- 
tion were determined. 

A composite sample of the C2 plate material, and a composite sample 
of the angle material, were analyzed for carbon, manganese, phosphorus, 
and sulfur. 

2. COLUMNS 


(a) ELASTIC RANGE 


The modulus, 2’, was determined for each column, and effectiv: 
area factors, K, for the plates were calculated. 

The strains in the edge of the middle perforation were determined 
for each perforated-plate column. The strains in the surfaces of the 
plate and in the angles were determined for the middle bay of one of 
each group of three like perforated-plate columns. The distribution 
of stress in the middle bay of each of these columns was calculated 
from the strain data and the values of the elastic constants obtained 
from the coupon tests. 

(b) MAXIMUM LOAD 


One two-angle column of each group of three like two-angle col- 
umns was subjected to the maximum-load test after the bolts had 
been replaced by rivets. Data to complete the stress-strain curves 
and data for the stress-deflection curves were taken. The effective- 
area factors, C, for the plates, were calculated from the maximum- 
load values. 
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IV. RESULTS 
1. COUPONS 


The results of the tensile tests of the coupons are given in table 3. 


TABLE 3.—Results of tensile tests of coupons 


Young’s | | | 
Thick- modulus | Poisson’s Yield | Tensile | 
ness | of elas- ratio | point | strength | 
ticity | | | 


Elonga- 
tion in 
8 in. 


Coupon designation 


| Kips/in.* | Kips/in.2 | Kips/in.? Percent 
29, 600 283 | 38.1 | 58.8 | 34. 
29, 300 | . 280 | : 58. 4 
29, 600 . 281 | 37. 59. 2 | 
, O00 284 | F 59. 2 
29, 400 . 281 37 
29, 700 . 276 
29, 600 . 288 
29, 800 . 285 





29, 600 . 286 
30, 000 . 290 
29, 700 
29, 700 
29, 400 
29, 700 
29, 500 
29, 200 


30, 100 
29, 800 
29, 400 
29, 400 
29, 600 
| 29, 100 











The chemical composition of the coupon material is given below. 








: | Man- hoa- 
Carbon fan- | Phos 
ganese | phorus 


| 
| Sulfur 
| og 
| 
Composite C2_ 


Sample 








| 
| 


ot ee 0.18| 05 0.008 | 0.03 
Composite Cé ' a | .56 | .014 | 





2. COLUMNS 


(a) MODULUS OF COLUMN AND EFFECTIVE AREA OF PLATE 


The moduli, Z’, of the columns, and the effective-area factors, K, 
with respect to stiffness, for the plates, are given in table 4. 
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TABLE 4.— Moduli of columns, effective-area factors for plates and maximum stresses 


Based on gross area Based on net area 


Num- am sient 
Plate designation ber of yo fi = of | 
angles | Modulus, soe Maximum stress | Modulus, oie | Maximum stress 
| a are - on area | 
* factor, P/A BE factor, | PIA 
K | K | 


Kips/in.2 Kips/in.? 
"2A(0-1)_. 2 | 25, 300 ; ‘ 29, 700 
'9A(2-3) : 25, 500 . 6: 30, 000 
'2A(4-5)_-- | 2| 25,600 , 30, 000 


| 


Avg } 25, 500 6 f 29, 900 
A(0-1) 4| 27,100 . 62 | | 29, 800 
"2A(2-8 | 27, 300 . 6! 30, 000 | 
"2A (4-6) 27, 300 ; 29, 900 


Avg 27, 200 : 29, 900 


"2B(0-1). | a 26, 800 a 31, 500 
"2 B(8-3) _- ‘ 26, 800 45 31, 400 
2@B(4-5) } ‘ 27, 100 .78 31, 900 


Avg — 26, 900 . 76 2. 4% 31, 600 


2 B(0-1)- 27, 800 Rf 30, 400 | 
"2 B(2-3) - | 27, 700 : 30, 400 
"2B(4-5) 27, 800 yf 30, 600 


Avg. . 27, 800 7 2.4 30, 500 


"2C(0-1) 27, 200 . 78 | 31,900 
2C(2-8) | : 27, 300 | a 32, 000 
"2C(4-5) y 27, 400 | ; 32, 100 


Avg.- : j 27, 300 3 2. 52 | 32, 000 


C2C(0-1)_- : d 28, 300 .f a | $31,000 | 
C2C(2-3) _ - - | 28,000 ; 30, 700 | 
C2C(4-6) --- ae --| ‘ 28, 300 ‘ . | $1,000 


Bye... ; | 28, 200 x 2.20 | 30,900 


C2D(0-1) ee 2 29, 200 : | 29, 200 
C2D(2-8) _._- : 29, 300 , 29, 300 
C2D(4-6) ; 29, 200 | 29, 200 


Awe:..... Fo8 } 29, 200 | 29, 200 


C2D(0-1) | = g | ~—(29, 300 : Fe 29, 300 
C2D(2-3) 29, 400 }...- 29, 400 
C2D(4-5).- 7 : —_— | 29,400 


a . ont ae : | 29, 400 
| | 





(b) STRESSES 


(1) On the edge of the perforation —The distribution of stress on 
the edge of the middle perforation is shown in figures 2, 3, and 4. 
Each curve represents the average result for three like columns. 

The vertical axis of the graph in each figure is a development of one 
quadrant of the edge of the perforation. The point B is the point of 
tangency of the circular and straight parts of the edge. 

In the stress ratios o,,,/(P/A), A is the gross area of the column. 
The stress ratios based on net area, ¢y,9/(P/A,), may be obtained by 
multiplying ¢y,./(P/A) by 0.85 for the two-angle, and 0.91 for the 
four-angle, columns. 

The maximum stresses are given in table 4. 

(2) On the surfaces of the plate—The distributions of stress on the 
surfaces of the middle bay for the perforated-plate columns are shown 





Perforated Cover Plates 693 


‘n figures 5 to 28, inclusive. The stress ratios shown in these figures 
are based on the gross area. The stress ratios based on the net area 
may be obtained by multiplying the given values by 0.85 for the two- 
angle, and 0.91 for the four-angle, columns. 





Cc Zz 
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o./® 0/5 


RE 2.—Columns C2A. Distribution of stress on the edge of the middle perforation. 
ie solid line is for the two-angle, and the dashed line for the four-angle, column. Based on gross area. 
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FiGURE 3.—Columns C2B. Distribution of stress on the edge of the middle perforation. 
The solid line is for the two-angle, and the dashed line for the four-angle, column. Based on gross area. 
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FicurE 4.—Columns C2C. Distribution of stress on the edge of the middle perforation 


The solid line is for the two-angle, and the dashed line for the four-angle, column. Based on gross area. 
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FiaurE 5.—Column C2A (2-3) (two angles). Isogram of maximum principal stress. 
Based on gross area. 
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Figure 6.—Column C2A (2-3) (two angles). Isogram of minimum principal stress. 
Based on gross area. 
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FiGcuRE 7.—Column C2A (2-3) (two angles). Isoclinics. 
The angle 6 is measured positive counterclockwise from the axis of the column to the direction of on. 
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FigurE 8.—Column C2A (2-3) (two angles). Magnitude and direction of the 
principal stresses. 
Based on gross area. 
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FicurE 9.—Column C2A (2-8) (four angles). Isogram of mazimum principal 
stress. 
Based on gross area. 
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FigurE 10.—Column C2A (2-3) (four angles). Isogram of minimum principal 
stress. 
Based on gross area. 





698 Journal of Research of the National Bureau of Standards 


FIGURE 11.—Column C2A (2-8) (four angles). Isoclinics. 


The angle @ is measured positive counterclockwise from the axis of the column to the direction of o.. 
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Figure 12.—Column C2A (2-83) (four angles). Magnitude and direction of the 
principal stresses, 
Based on gross area. 
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13.—Column C2B (2-3) (two angles). .Isogram of maximum principal 
stress. 


Based on gross area. 
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Figure 14.—Column C2B (2-3) (two angles). Isogram of minimum principa! 
stress. 
Based on gross area. 
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FicurE 15.—Column C2B (2-3) (two angles). Isoclinics. 





The angle @ is measured positive counterclockwise from the axis of the column to the direction of ox. 
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FicurE 16.—Column C2B (2-8) (two angles). Magnitude and direction of the 
principal stresses. 
Based on gross area. 
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FiagurE 17.—Column C2B (2-3) (four FiaurEe 18.—Column C2B (2-3) (four 
angles). Isogram of maximum princi- angles). Isogram of minimum princi- 
pal stress, pal stress. 

Based on gross area. Based on gross area. 
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FiaurE 19.—Column C2B (2-3) (four Ficure’20.—Column C2B (2-8) (fou 
angles). Isoclinics. angles). Magnitude and direction oj 
The angle @ is measured positive counterclockwise h rinct ses 
from the axis of the column to the direction of o,. ~~ FP ins. 
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FigurE 21.—Column C8C (2-8) (two Figure 22.—Column C2C (2-3) (two 
angles). Isogram of maximum princi- —- Isogram of minimum princi- 
pal stress. pat stress. 

Based on gross area Based on gross area. 
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FicuRE 23.—Column C2C (2-3) (two FicurEe 24.—Column C2C (2-3) (iwo 
angles). Isoclinics. angles). Magnitude and direction 4) 


; es : the principal stresses. 
The angle @ is measured positive counterclock wise P P 
from the axis of the column to the direction of o.. Based on gross area. 
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FigurRE 25.—Column C2C (2-3) (four Fiaure 26.—Column C2C (2-3) (four 
angles). Isogram of maximum prin- angles). Isogram of minimum prin- 
cipal stress. cipal stress. 


Based on gross area. Based on gross area. 
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FicurE 27.—Column C2C (2-3) (four Ficure 28.—Column C2C (2-3) (four 


angles). Isoclinics. angles). Magnitude and direction of 
the principal stresses. 





The angle @ is measured positive counterclockwise 
rom the axis of the column to the directivn of «J Based on gross area. 
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The effect of the perforation on the stress distribution may be 
judged from the fact that for a solid plate (no perforation) the values 
everywhere of o,/(P/A) are zero; of o,/(P/A), —1; and of 6, 90 degrees. 

(3) On the angles.—The variation of stress along the length of the 
angles is shown for column C2B(2-3) (two angles) in figure 29. The 
point D is at midlength of the perforation, the point E midway 
between perforations. As the stresses at the various points differed 
from one another by amounts of the order of magnitude of the ex- 
perimental error of measurement, the stress was substantially constant 
along the length of the angles. Similar results were obtained for the 
remainder of the columns, except that for the C2A columns, there 
was some tendency for the stress in the angles to decrease near the 
perforation, as might be expected:from the theory for a circular hole 
in a plate of finite width. 


















































D 
29.—Column C2B (2-3) (two angles). Variation of stress along the length 


of the angles. 


Based on gross area. The circles represent stresses calculated from the observed strains. The stress- 
interval, S, corresponds to one division on the dial of the strain gage. 
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FiaurRE 30.—Columns C2-(2-3) (two angles). Stress-strain graphs. 
Based on gross area. 


The stress ratios on a net-area basis may be obtained by multiplying 
those shown by the factor 0.85. 


(c) MAXIMUM-LOAD TEST 


(1) Stress-strain graphs.—The stress-strain graphs for the columns 
are shown in figure{30. 
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The stresses on the net area may be obtained by multiplying the 
stresses on the gross area by 1.17. 

(2) Deflections.—The stress-lateral-deflection graphs for the columns 
are shown in figure 31. 

The stresses on the net area may be obtained by multiplying the 
stresses on the gross area by 1.17. 

(3) Maximum load and effective area of plate—The maximum loads 
for the columns, the maximum average stress on the gross area and 
on the net area, and the effective-area factors of the plates with respect 
to compressive strength, C, are given in table 5. 
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FicgurE 31.—Columns C2-(2—3) (two angles). Stress-deflection graphs. 
Based on gross area. When the deflection is north, N, the bending stress is tensile on the plate side. 
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TaBLE 5.—Mazimum loads for columns and effective-area factors for plates 











| | | 
Column designation | C2A | C2B | CIC C2D 
i] | 
- set itl , —— as — | ae a 
perforation spacing, in------- - J ccakeldteacnenss=aAan : | 25.5 37.5 | 49.5 | (a) 
srea of angles, in.?- - ----- - Lee: | 11.55 | 11.50| 11.52] 11.59 
Gross area of plate, in.?_..--------- ae Aa eke ‘ae | gs2| 5.70| 5.76| 5.72 
Net area of plate, in.?----- ; = seis 3. 23 3.18] 3.21 | 5. 72 
fotal area, gross, in.?.-.---- pao ae anes | 17. 37 17.20 | 17.28 | 17.31 
fotal area, net, in.? : ‘ io aman 14.78 | 14.68} 14.73] 17.31 
Maximum compressive load, kips - , peed Re pe SS Sees | 483 473 | 490 | 585 
Compressive stress on gross area at failure, kips/in.? - ------- eens 6 ae 4 33.8 
Compressive stress on net area at failure, kips/in.?- --- -- 32. 7 32.3 33.3 | 33.8 
Effective-area factor of plate with respect to compressive st rength, C: 
Based on gross area ; spas 0. 47 0. 44 0. 52 | 1. 00 
Based on net area - - ‘ ; 85 79 ae i 
slenderness ratio : ; : i 70 
Column efficiency, percent , setae se Z | gl 


» No perforations. 


All four columns failed by primary buckling. 

The perforated-plate columns, C2A, C2B, and C2C, failed away 
from the plate side (toward the south) of the column, as would be 
expected from the consideration that, in the neighborhood of a perfo- 
ration, the gravity axis of the column is displaced away from the plate 
side, Local buckling of the outstanding legs of the angles of the 
columns occurred near the ends of the columns. 

The unperforated-plate column, C2D, failed toward the plate side, 
as would be expected from the double-modulus column theory. The 
column efficiency of 91 percent, given in table 5, is the ratio of the 
average compressive stress at failure to the weighted average yield 
point of the material determined from the tensile tests of the coupons. 

Figure 32 shows the columns after test. 


V. SUMMARY 
1. MODULUS 


The effectiveness of the perforated plates in resisting shortening 
under compressive load was determined by comparison of the modulus 
of a column containing the perforated plate with that of a similar 
column containing an unperforated plate. It was found that from 
60 to 80 percent of the cross-sectional area of the plate, depending on 
the perforation spacing, Was effective. The effective-area factors 
for the perforated plates were not consistently affected by variation 
in the number of angles with which they were tested. 


2. STRESS DISTRIBUTION 


The stress distribution was determined on the middle bay of one 
of each group of three like columns. In every case the maximum 
stress was compressive and occurred on the edge of the perforation. 
The value of the maximum stress was only slightly affected by varia- 
tion of the perforation spacing. For columns with the same perfora- 
tion spacing, the maximum stress was higher for the two-angle than 
for the four-angle column for the same average stress on the gross 
area, ‘This was not always true when the stresses were based on the 


het area. 
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The maximum stress varied from 2 to 2.5 times the average stress 
on the gross area, or 1.8 to 2.1 times the average stress on the net 
area. 

The presence of the perforations did not materially affect the stresses 
in the angles. 

3. STRENGTH 


The effectiveness of the perforated plates with respect to strength 

was lower than with respect to resistance to shortening, and was 

x a 5 a =) > 
practically independent of the perforation spacing. 


WasHINGTON, February 28, 1942. 
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EFFECT OF ALTITUDE ON KNOCK RATING IN CFR 
ENGINES 


By Donald B. Brooks 


ABSTRACT 


Knock ratings made at altitude have shown systematic differences from ratings 
made at sea level, on some fuel types. Altitude-chamber tests showed that com- 
plete agreement could be obtained if tests were made at uniform knock intensity, 


and that uniform knock intensity was obtained when the cylinder clearance volume 
was reduced in linear relation to air pressure. From these tests, equations are 
leveloped to relate clearance volume for standard knock intensity to air pressure 
and to octane number for the ASTM Motor and the CFR Research Methods of 
knock rating. Equations are also developed to relate octane-number require- 
ment to air pressure, and these are shown to agree with road-test data. 
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I. INTRODUCTION 


Since the knock rating of motor gasolines was placed on a uniform 
basis by the adoption in 1933 of the ASTM Motor Method which was 
developed by the Cooperative Fuel Research Committee, ratings 
made by laboratories located at higher altitudes frequently have failed 
to agree With ratings made by other laboratories operating near sea 
level. While the magnitudes of the discrepancies varied with fuel 
type, they were generally systematic with respect to altitude, and 
often too large to be ascribed to known sources of accidental errors. 

Cooperative field tests definitely correlated the effect with altitude. 
In 1937, Holaday and Moore reported [1]! an investigation in which 
the effects of altitude were obtained by reducing the intake and ex- 
haust pressures of a CFR-ASTM Motor Method engine. As the 
result of this investigation, a series of larger venturis was prescribed 
for use at different altitudes in place of the venturi used at sea level. 
These recommendations were based on the thesis of maintaining 
constant compression pressure at all altitudes, although the experi- 
mental work of these investigators showed that this did not result 
in maintaining constant knock intensity. Some improvement in 
_ followed the adoption of the recommendations of Holaday and 
L00Tre. 


ee) 
‘ Figures in brackets indicate the literature references at the end of this paper. 
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Adoption of the 1939 CFR Research Method by the Cooperatiy. 
Fuel Research Committee again raised the problem of modifications 
required for knock rating at altitude. A program of field tests was 
carried on in 1940 in which coincident change of venturi size and 
spark advance was tried as a means of compensation for reduced gir 
pressure. The ratings so obtained showed an undesirably large spread 
for some fuels. 

Early in 1941, the National Bureau of Standards was asked by th, 
Altitude Procedure Group of the CFR Motor Fuels Division to assis; 
in determining appropriate conditions for knock rating by the AST\ 
Motor and the CFR Research Methods at altitudes up to 7,000 ft. by 
cooperative tests in one of the Bureau’s altitude chambers, skilleq 
technicians and additional cylinder assemblies being made available 
by the participating organizations. 

Preliminary tests were carried out on a CFR engine in April 1941, 
Altitude procedures based thereon were subjected to field tests, and 
were found to be substantially correct. An additional assignment 
was then given to this project, this being to determine the variation 
of compression ratio with octane number which would be required to 
maintain standard knock intensity at all octane numbers. Hereto- 
fore this had been defined at only two levels of octane number. The 
curve of compression ratio or its equivalent, micrometer setting, for 
standard knock intensity versus octane number, is known as a “guide 
curve.” This assignment was carried out in conjunction with the final 
tests in the altitude chamber, three CFR-engine cylinder assemblies 
being used in this work. The procedures and recommendations 
resulting from this work were subjected to field tests in December 
1941. Additional field tests were made late in January 1942 to deter- 
mine the best compression ratio for knock rating in the region of 100 
octane number by the ASTM Motor Method, the earlier data being 
unsatisfactory at this level. The final recommendations were approved 
February 6 by the CFR Committee. 


II. DESCRIPTION OF CFR ENGINE 


The engine [2, 3, 4, 5, 6] currently approved for the knock rating 
of motor gasolines has been designed and built to the specifications of 
the Cooperative Fuel Research Committee. It is a single-cylinder 
engine belt-connected to a synchronous motor-generator, which 
maintains engine speed constant at all times. A mechanism for rais- 
ing or lowering the cylinder relative to the crankcase permits continu- 
ous variation of the compression ratio. The height of the cylinder, 
and inferentially the cylinder clearance volume and the compression 
ratio, is measured by a micrometer suitably located and graduated in 
thousandths of an inch. The micrometer is so adjusted that a reading 
of 0.000 in. corresponds to a compression ratio of 10.0, and a reading 
of 1.000 in. to a compression ratio of 4.0. Compression ratio, R, is 
determined by cylinder clearance volume and is related to micrometer 
setting, 47, according to the equation 


M+5 
R=+08 
When operating by ASTM Motor Method [7], the engine speed is 
900 rpm and the intake-mixture temperature is. 300° F, The spark 


(1) 
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advance is automatically varied in accordance with the compression 
ratio. In sea-level oper ration, a %s-In. venturi is used in the carburetor, 
and a throttle plate (thin- -plate rectangular orifice) constricts the pas- 
sage from carburetor to engine. The CFR Research Method requires 
an engine speed of 600 rpm, an intake air temperature of 125° F, and 
fixed spark advance. In sea-level operation, a %.-in. venturi is used, 
without the throttle plate. 

When operating by either method, the temperature of the engine 
coolant is maintained constant within 1° F and is held within the 
limits 209° to 215° F. The humidity of the intake air is not allowed 
to exceed 50 grains of moisture per pound of dry air, and is customarily 
regulated by passing the intake air through cracked ice in a tower so 
designed that the output air humidity is maintained at 27 grains of 
moisture per pound of dry air at standard barometric pressure. 

The intensity of knock is indicated on a “knockmeter’’, which is 
vctuated by a “‘bouncing-pin.’”? The latter consists of a steel pin 
resting on a steel diaphragm flush with the upper combustion chamber 
surface of the engine cylinder. The impact of knock causes the pin 
to “bounce” and close a pair of contacts. The current flowing through 
the contacts is indicated by the knockmeter, a thermocouple ammeter 
sufficiently damped so that no fluctuation in the indicating needle 
occurs between successive contacts. Suitable adjustments are pro- 
vided to limit pin travel and chatter. 

As the knock ratings of some types of fuels vary with knock in- 
tensity, it is necessary to define and maintain a “standard knock 
intensity.””’ In making a knock rating, the bouncing pin is first 
“standardized,” that is, the adjustments of the pin are varied until 
it causes the same knockmeter reading when operating at appropriate 
compression ratios at each of the two standard levels of octane number. 
At an atmospheric pressure of 29.92 in. Hg, standard knock intensity 
by the ASTM Motor Method has been defined as that produced by 
use of a standard fuel of 65 octane number at 5.3 compression ratio 
and 90 octane number at 7.1, whereas by the CFR Research Method, 
ihe corresponding values were 70 octane number at 5.75 compression 
ratio and 90 octane number at 6.7. The compression ratio is then 
adjusted so that the test fuel gives a knock of standard intensity, as 
—— by the knockmeter. By direct comparison, or by the use 
of calibrated reference fuels, the composition of that blend of 2,2,4- 
trimethylpentane (“isooctane’ ’) and normal heptane which gives a 
knockmeter reading equal to that of the test fuel is ascer tained. The 
percentage of isooctane in such blend is the octane number of the fuel. 


III. TEST EQUIPMENT 


A standard CFR unit with ice-tower humidity control was installed 
in a National Bureau of Standards altitude chamber [8]. The con- 
denser of the engine was sealed and was vented outside the chamber 
to maintain constant coolant temperature at all altitudes. The 
engine inducted and exhausted at chamber pressure. Pressure in the 
chamber was determined by a mercury manometer and a calibrated 
barometer, and was maintained constant within 0.01 in. Hg during 
each test. 

4556538— 42 
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With each cylinder assembly, the micrometer was adjusted by 
measuring the clearance volume with one side of the engine base 
raised one-half inch so that the bouncing-pin hole was at the higher 
side of the head. Each operator was asked to adjust his bouncing 
pin by his usual method, but to endeavor to obtain a setting which 
would give the same knockmeter reading when the engine was ad- 
justed to give standard knock intensity at each of the two specified 
levels of octane number. 


IV. PRELIMINARY ALTITUDE-CHAMBER TESTS 


In the first series of altitude-chamber tests, similar programs were 
carried out for the ASTM Motor and CFR Research Methods. The 
general objectives were to determine for each modification of the 
induction system (venturi size, throttle plate) at a series of altitudes 
up to 8,000 ft (a) the compression ratio for constant absolute com- 
pression pressure, (b) the compression ratio for standard knock in- 
tensity at the two levels of octane number, and (c) the compression 
ratio at which the rating of a sensitive fuel, known as X—/, was the 
same as that found for it at sea level. 

The general procedure at each altitude was to make measurements 
of the variable in question at a series of compression ratios. The 
resulting data were plotted, and the compression ratio was found at 
which the variable had the same value as it had at sea level. 

The results of these tests showed: 

1. Ratings made at constant knock intensity were independent of 
air pressure. 

2. Constant knock intensity was not obtained at constant absolute 
compression pressure. 

3. Compression ratio for constant knock intensity was a curvilinear 
function of air pressure. 

4. The micrometer setting for constant knock intensity was a linear 
function of air pressure, the derivative of this function being the same 
at both levels of octane number, although it was different for the two 
test methods. 

5. No advantage resulted from the use of more than three sizes of 
venturi for the ASTM Motor Method, or one size for the CFR Re- 
search Method. 

To verify these findings in service, field tests were run in which 9 
fuels were rated by over 20 laboratories, two-thirds of these being 
located near sea level and the remainder at higher altitudes up to 
6,600 ft. The resulting ratings showed no trend with altitude, and 
the average of the values obtained by the altitude laboratories was 
within 0.1 octane unit of that found by the sea-level group. ‘The 
average of the standard deviations of the results reported by the alti- 
tude laboratories was one-fourth larger than the sea-level average, 
which difference might be expected [9] in view of the generally greater 
experience of the personnel of the sea-level group. 
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V. FINAL ALTITUDE-CHAMBER TESTS 
1. TEST PROCEDURE 


To make certain that the results were not biased by the idiosyn- 
crasies of any particular engine, three additional cylinder assemblies 
were used in these tests. The procedure with each cylinder assembly 
consisted in standardizing the bouncing-pin setting at sea level, then 
running guide curves at selected altitudes, and altitude curves (mi- 
crometer setting for standard knock intensity) with fuels of selected 
octane numbers. 

ASTM Motor Method tests were made in all cases by standardizing 
the pin with the %¢-in. venturi and throttle plate. Guide and altitude 
curves were determined with the %¢-in. venturi with throttle plate, 
and with the %6-, 1%e-, and %-in. venturis without throttle plate. 
CFR Research Method tests were made only with the %-in. venturi, 
the earlier tests having shown that larger venturis did not increase the 
volumetric efficiency appreciably, and therefore would not alter the 
knock intensity. 

On the first cylinder assembly, guide curves were run with the 
g-, %o-, and %-in. venturis at sea level, and at pressures of 28, 26, 24, 
and 22 in. Hg. On subsequent assemblies, curves were determined 
only at 28 in. Hg, this point being selected in preference to operating 
at sea level with uncontrolled air pressure. Altitude curves were 
generally determined from sea level to 22 in. Hg, but were extended 
below this pressure in certain instances, being carried to an equivalent 
altitude of 20,000 ft. in one case. Knockmeter drift was determined 


by repeating the first test point at the end of the test, and due correc- 
tion of intermediate tests was made. 

Guide curves were determined by finding the micrometer setting 
for standard knock intensity for reference fuels of 40, 50, 60, 65 
(ASTM Motor Method only), 70, 80, 90, 95, and 100 octane number. 


2. TEST RESULTS 


Data taken to determine the ASTM Motor Method guide curve for 
each venturi are listed in table 1. The columns give in order the 
cylinder assembly, the venturi size, the barometric pressure at which 
the test was run, and the micrometer settings found to give standard 
knock intensity with each blend of secondary reference fuels. The 
last column gives the rating of reference fuel X—/, as interpolated 
from the micrometer setting found to give standard knock intensity 
with this fuel. Allowing for the reduced accuracy of this indirect but 
rapid method of estimating the rating of \—/, no significant differences 
in the ratings of this sensitive reference fuel were found with different 
venturis or at different altitudes. 

Table 1 illustrates the necessity for readjustment of the bouncing- 
pin above 90 octane number. Except where noted, the pin was not 
readjusted in making these runs. In several cases the micrometer 
setting found at 100 octane number is as high as or higher than that 
at 95 octane number. Careful study of pin behavior in this range 
led to the belief that more than one pin setting may be required to 
cover the range 90 to 100 octane number. 
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TABLE 1.—Guide-curve data—ASTM Motor Method 


| oe 

| xz2 | Baro- | Micrometer settings for octane number— 
Cylinder | turi | Metric |______ 
sure | 40 é | 68 80 | 90 95 


in. | in. Hg in. | in. | in. | in. 
b 9%! 29.80 | 0.696)0.654 0.578 |0. 542 10. 500 
»%»! 29.66 | | | . 521 | 

b 6} 28.00 | .650 | .601 | .530 | .488 | .450 
&b 946} 28.00 | .658 | .600 | . 534 


946} 29.60 | .731 | .678 
%{6) 29.57 
96} 28.00 | .694 | .637 
| 28.00 | .674 | .616 
28. 00 i a 
3. 00 a 
28. 00 651 .605 | . 549 
26.00 | .633 | .583 | .512 | . 
.00 | .580 | .521 | .447 | 
504 | .443 | .377 | .: 





. 734 659 | . 


. 673 605 
.73 .678 | .608 | .£ 
.717 | .667 | .594] . 
.626 | .563 | . 
.562 | .506 | . 


.501 | .435 | . 


| .676 
. 623 
22.00 | .556 


| 
| 
| 


.04 | .840 | .780 | .698 | . 
03 | 
02 
28. 00 . 785 “om . 642 
28.00 | .784 | .71 648 | . 
28.00 | .789 | .713 | .663 | . 


3.00 | . 708 | .651 | .580 
.00 | .644 | .593 | . 530 
2.00 | .580 | .533 | .468 


® Interpolated rating. 
b With throttle plate. 
° Pin reset. 


TABLE 2.—Altitude data—ASTM Moto Method 











Cylinder___- l 1 a ae A 1 ae | 3 
Venturi size, in : 9 “6 %6 | Me { | %6 

Octane number : 40) 65 65 | 65 a |} 390 65 
Sea-level pressure, in. Hg 29.40 29.81 29.73 | 29.76 29.8 29.73 29.61 


Micrometer settings 


Barometric pressure, in. Hg: 
Sea level 
28 


. 0308 . 0298 . 0270 . 0335 . 0301 52 .0340} .0306 


See footnotes at end of table. 
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TABLE 2.— Altitude data—ASTM Motor Method—Continued 











sens : 3 P aae |) 
ri size, i %e | 1949 | 194: 34 34 34 
i eS es eee 4 we 3% | 3% 
ee, ¢ 90 5 | 65 


3-level pressure, in. Hg------| : 29. 29.57 | 29. 29.65 | 29.92 | 29.99 
} | } | 





Micrometer settings 


in. | in. | in. in. 


0.829 | 0.640 | 0. 664 0. 667 | 0. 455 
. 582 E 601 | .613 | .407 

. 524 - 542 | . 552 . 362 | 

3 | . 298 | 


Barot ietric ~ ssure, in. Hg: | 


0282) .0311} .0290} .0280| .0349) . 0: 





» Pin setting faulty. ’ 
» Barometric pressure, 25.96 in. Hg by error 


Altitude data obtained by the ASTM Motor Method are listed in 
table 2. The constant A listed at the bottom of the table is the 
change of micrometer setting for constant knock intensity in inches 
per 1-in. Hg change of air pressure. These data indicate a linear 
relation between micrometer setting and air pressure within experi- 
mental error for air pressures above 20 in. Hg. The average value of 
A obtained from these data and from the data of table 1 is 0.0300. 
From relatively few data obtained in the earlier altitude-chamber 
tests, the value 0.0341 was found. 

Tables 3 and 4 give the guide curve and altitude data for the CFR 
Research Method. The value of A for this method is found to be 
0.0200, as compared with the value 0.0207 found earlier. As in the 
ease of the ASTM Motor Method, the data are linear above 20 in, 
Hg within experimental error. 


TABLE 3.—Guide-curve data—CFR Research Method 








| 
Baro- | Micrometer settings for octane number— | 
SS ee eee - Pa ____| Rating 
pres- | | | | of X-1*® 
sure 


Octane 
number 
0. 372 | 0. 203 | 0.233 
966 | .279 | .212 





. 348 | . 254 . 185 
. 344 . 254 . 194 
. 304 . 223 | .161 
. 227 .137 | .077 





























* Interpolated rating. 
> Slightiy below 0.000. 
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TABLE 





Cylinder 
Octane number. -- 
Sea-level pressure, in. Hg 


Barometric pressure 


in. Hg 
Sea level 


4 — Altitude data—CFR Research Method 


3 | 1 
70 } 90 
30.00 | 29.64 | 


9 
70 


29. 53 





Micrometer settings 

in. in. 
0. 449 0. 296 
- 401 
. 362 
. 323 
. 282 


- 265 
. 221 


. 184 
. 141 








. 0207 | 








TABLE 5. 


High-altitude tests—ASTM Motor Method, 40 octane 


number with 34-in, 
venturt 





| 


|Computed micrometer reading 


|Observed | 

| microm- | 

jeter read-| 
ing 


Barometric pressure 


29. 81 
29. 77 
28. 00 
26. 00 
24. 00 
22. 00 
20. 00 
18. 00 
16. 00__- 


Standard deviation 


TasBLe 6.—High-altitude tests—A 





Deviations 


Linear Linear 


All | Partial 
| 


All 


| 


| Partial 


| 

in. 

0. 828 
. 826 


in. | 
0. 830 
. 829 
779 
. 704 . 004 
. 638 -. 002 
. 572 . 5 +-. 006 
. 506 | .013 
. 439 | +.005 
Sve Annascs 015 


| 

—0. 001 | 
‘002 
‘000 


0. 


“—: 








STM Motor Method, 80 octane ‘number, with 
%e-in. venturz 








| | 
Computed micrometer reading} 
| 


| microm- 
eter 


Deviations 





Linear 





reading 


All Partial 


Linear | 
bse: 


7 Log 
All | Partial 





22.00. ..-- 
20.00. .--- 
18.00 _.--- 
16.70 _.- 





Standard deviation 


in. 
0. 425 
. 424 
. 372 | 
. 313 
. 253 
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TaBLE 7.—High-altitude tests—CFR Research Method, 70 octane number 











Tou Computed micrometer reading Deviations 


| Chien ij— a |— en = ms 2 sai 
| microm- | : | 
eter | | 
reading og | = 
All | Partial 


Barometric pressure 


Linear Linear | 
] 
| 


Log 


in. in. . 
—0. 010 —0.001 | +0. 002 
—. 009 000 -. 002 
—. 005 —. 001 —. 002 
+. 003 +. 002 -. 002 
+. 010 +. O02 — . 002 
+.012 -. \O2 . 002 
+. 015 +. 002 
+.012 | +. 003 
—. 002 +. 002 


. 002 


andard deviation-.--- ee Ree eet ae Fee Ae SOR ee ee Ni2 | 0.0015 | 0.0021 
| | 
u 





The data obtained at air pressures below 20 in. Hg indicate that 
the relation between micrometer setting and altitude is more nearly 
logarithmic, as found in an analysis of the earlier data [10]. This is 
shown in figures 1 and 2, and tables 5, 6, and 7, in which the observed 
data and values calculated from linear and logarithmic equations are 
shown. The logarithmic equations used for the ASTM Method tests 
are of the form 

log (M+-0.5) =a log p+8, (2) 
where 
M=micrometer setting, in., 
p=barometric pressure, in. Hg, 
a, 8=empirical constants. 


That used for the CFR Research Method data plotted in figure 2, 
has been modified by replacing p by (p—a), where a is also an em- 
pirical constant. This modification itn in a much better fit, 
can be seen by the deviations, table 7. The value found for a is 
7.7 in. Hg, and the equation suggests that this is a lower limit for 
detonation of the type prevailing at normal pressures, as this excel- 
lently fitting equation would ma a micrometer setting of —0.5 in. 
(infinite compression ratio) at 7. 1. Hg air pressure for standard 
knock intensity. 

In figure 1, the values for the %-in. venturi at 40 octane number and 
the %-in. venturi at 80 octane number have been plotted on offset 
scales, to show by juxtaposition the great similarity of behavior at 
a maximum difference in initial micrometer setting. 

In tables 8 and 9, the guide-curve data for the ASTM Motor and 
the CFR Research "Methods have been corrected to standard sea- 
ripe pressure (29.92 in. Hg), by use of the constants evaluated above. 
A study of these tables shows that there is no change of shape of the 
guidecurve at altitude; itissimply shifted uniformly to lower micrometer 
values. This amounts to saying that the constant A is the same for 
all octane numbers; this fact has been directly verified by analysis also. 
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Figure 1.—Micrometer settings for standard knock intensity by ASTM Motor 
Method. 


The circles and solid-line curve, A, represent data taken with the 34-in. venturi, using 40-octane-number 
fuel, and the crosses and broken-line curve, B, those with the %6-in. venturi, using 80-octane-number fuel. 
The scales of micrometer setting are offset to bring the two curves into juxtaposition, to show the similarity 
of behavior. 
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FiguRE 2.—Micrometer setting for standard knock intensity by CFR Research 
Method. 


A linear equation fits the data well over the range from sea level to 22 in. Hg, but a logarithmic equation is 
required when the range is extended to 14 in. Hg (approximately 20,000 ft). 


In table 10 this has been carried a step further. By subtracting a 
suitable constant from the average micrometer settings found for each 
venturi the guide curves can be superposed, apparently within experi- 
mental error. This means that change of venturi size has an effect 
analogous to change of air pressure. 
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TABLE 8.—Guitde-curve data by ASTM Motor Method, corrected to 29.92 in. Hg 
(A=0.0300) 











| | Micrometer settings for octane number— 
Venturi) Data taken —_ 
size at— | 





Cylinder j = 
| 40 | 50 | 6 | 6 | 7 | 80 | w 


in. in. —— 
Sea level. .....| 0.700 | 0.658 | 0.582 | 0. 546 

| .708| .659 | .588 | .546 

-716 | .658 592 | . 553 


in 


). 706 | 0.656 | 0.585 | 0.546 | 





0. 688 | 0.621 | 0. 589 
. 695 . 62% . 579 
. 674 . 61 . 579 
. 663 6 . 580 
. 701 . 63 . 588 
. 699 - 62% . 582 a 

.582 | . 53% 426 | . 268 











. 583 | 0.540 | 0.437 | 


0. 276 


| 0.619 | 


0. 741 | 


0.790 | 0.726 | 0.651 
.779 | .731 | .663 
.736 | .666 
. 725 . 652 620 | .582 
.744 | .681] .638] .604 
od 740 | 16841 1643 | 598 
.-| .794| .739] .673 | .624] .585 














| 0.790 | 0.734 | 0.667 | 0.627 | 0.586 | 0.475 | 


0. 836 0. 694 | 0.658 | 0.604 | 0. 492 
. 843 . 776 .700 | .659 | .607 
7 .706 | .656} .610 | 
.721 | .684| .640 | 
. 698 | . 660 i .612 
.708 | .664| .614 
.706 | .656| .610 | .497 | 











| 0.705 | 0.662 | 0.614 | 0.498 | 0.351 
| | | 








« With throttle plate. 
> Pin setting faulty, omitted in average. 


TABLE 9.—Guide-curve data by CFR Research Method, corrected to 29.92 in. Hg 
(A=0.0200) 








Data taken |_ a ee ia es Na el ee 


Cylinder at— 


niacin 





| in. Hg in. | én. in. 

---| Sea level. - 0. 586 | 0. 54! . 502 | 0.447 

...| Sea level ‘ : ee . 446 
| 28 


| 0 | » | o | w | so | w 


. 448 
- 444 . 38 a . 
. 448 oe ot ° . 152 
- 450 . 388 od ° ®, 152 





0. 382 0. 145 

















» Estimated. 
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TABLE 10.—-Guide curves corrected to common basis—ASTM Motor Method 


| Correc- Average corrected micrometer settings for octane number— 
Venturi size 666 —— 
%es | } ' = i | 
: 40 | 5 60 | 65 70 


| 
| 

a 
| 


|} im. | im. | in. 
0.000 ; 0.706} 0.656} 0.585 
| —-033 | .708 | .653] .586 
} —. 075 | 715 - 659 | - 592 | 
. 720 .659 | .592 
s With throttle plate. 
VI. GUIDE CURVES 

As the altitude-chamber data by the ASTM Motor Method above 
90 octane number were unsatisfactory, cooperative tests were carried 
out in January 1942. These tests were designed to determine the best 
compression ratio for knock rating at 100 octane number by this 
method. From previous work, it appeared that a value of compres- 
sion ratio between 8 and 9 would be suitable when using the %¢-in. 
venturi without the throttle plate. Each of the 14 laboratories 
cooperating in these tests was asked to set the bouncing pin to give 
the standard knockmeter reading (approximately midscale) at the 
knock intensity developed by 100-octane-number fuel at 8.0 com- 
pression ratio (corrected for air pressure by eq 6) and rate each of 
three fuels, two of which were very sensitive. The cooperating 
laboratories were further asked to repeat this procedure with the 
bouncing pin set on 100-octane-number fuel at 8.5 and at 9.0 com- 
pression ratios. The three knock intensities were designated A, B, 
and C, respectively. In reporting, the laboratories were asked to 
comment on the relative ease of rating and on bouncing-pin behavior 
at the three knock intensities. 

The results of these tests are shown in table 11. It will be seen 
that there was a slight increase in octane number and in knockmeter 
sensitivity (deflection per octane unit), and a decrease in the average 
standard deviation at the higher knock intensities. In commenting 
on relative ease of rating, most laboratories expressed a preference for 
intensity B, a few for A, and none for C. Some had experienced 
difficulties in rating at intensity C, and a few considered A too low. 

In approving the tests, the CFR Motor Fuels Division recommended 
that the guide curve be located within the compression-ratio range 
8.2 to 8.5 at 100 octane number, preferably near the latter figure, 
and that the guide curve depart as little as possible from the former 
figure of 7.1 compression ratio at 90 octane number (%¢-in. venturi 
with throttle plate). 
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TABLE 11.—Knock ratings of special fuels 





Octane number for— 


’ Sample 1, knock | Sample 2, knock Sample 3, knock 
Laboratory intensity— intensity— intensity— 


98.5 
99. 3 98. ¢ 


98.3 | 98.4 
98.9 | 98.5 








99. 1 99.0 

96.8 | 97.6 
i, 98.5 | 98.6 | 
Std. dev-. 0. 74 0. 56 


Averages 








| a - 

> : } : Standard Knockmeter 
1k ansityv Zati rire brews 
Knock intensity tating jeviatio sensitivit 





| 
= 
| 
} 


Divisions per 
| Octane No.| Octane units octane unit 
98. 0 | 0. 80 8.8 
98.1 | : 10. 1 
98. 2 . 66 10. 6 
ee 








In order to utilize most fully the available data, and to give com- 
plete continuity to the guide tables, equations were developed to 
represent the data, and successive points of the tables were calculated 
therefrom. In the equations given below: 

y=micrometer setting, in., 
z=octane number, 
B=barometric pressure, in. Hg. 

For the ASTM Motor Method at 29.92 in. Hg, using the %¢-in. 

venturi without the throttle plate, 


Yo= 0.9169 —0.0,53302+-0.0,5075x?—0.0,66672°—0.0312502*. (3) 

For the other two venturis at standard air pressure, the micrometer 
settings are 

1%5-In. venturi Yi=Yot 0.042, (4) 

¥-in. venturi Y2=Yo+0.080. (5) 


For air pressures other than 29.92 in. Hg, but above 22 in. Hg, the 
micrometer setting is found from the relation 


YB=Y29-92— 0.03 (29.92 —B). (6) 
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For the CFR Research Method, in which only the %.-in. venturi 
without throttle plate is used, the relation between micrometer setting 
and octane number at a barometric pressure of 29.92 in. Hg is 


1p.) 0.6805 — 0.0,198572—0.05444742° +-0.019571682°—0.0,,457942" (7) 


For other air pressures above 22 in. Hg, 
YB=Y29.92—0.02(29.92—B). (8) 


Tabular values of eq 3 and 7 for the ASTM Motor and the CFR 
Research Methods for octane numbers from 40 to 100 at standard air 
pressures are given in table 12, p. 731. 

In approving the new guide tables, the CFR Motor Fuels Division 
has recommended elimination of the -throttle plate, and the use of 
only the following venturis for the ASTM Motor Method: 








Venturi 


Altitude aa 
size 





ft. 
0 to 1,600 
1,600 to 3,300 
Over 3,300 








The guide tables embodying air pressure corrections derived from 
eq 3 and 6 for the ASTM Motor Method and eq 7 and 8 for the 
CFR Research Method are given in tables 13 to 16. 

As developed, the ASTM Motor Method guide curve passes through 

8.50 compression ratio at 100 octane number (%¢-in. venturi, no throttle 
plate) and 7.02 compression ratio instead of 7.10 at 90 octane number 
%.-in. venturi with throttle plate). This change in the compression 
ratio for standard knock intensity at 90 octane number, and the change 
from the former value of 6.70 to 6.65 compression ratio at 90 octane 
number by the CFR Research Method, can be ascribed almost entirely 
to the (average) difference in clearance volume resulting from the intro- 
duction of the tilt method of calibrating the micrometer zero (used in 
these tests), as compared with the former method, in which the clear- 
ance volume was measured with the engine level, which resulted in 
slight entrapment of air. 


VII. EFFECT OF ALTITUDE ON OCTANE-NUMBER 
REQUIREMENT 


The octane-number requirement of an engine is the octane number 
of the fuel which will cause knock of a specified intensity when used in 
the engine at the throttle opening giving maximum knock. The 
requirement varies with engine and atmospheric conditions. Although 
engine conditions—such as speed, spark advance, coolant temperature, 
and amount of carbon deposit—can be regulated, no direct control of 
alr pressure, temperature, or humidity can be had in road tests, or in 
service operation. Of these latter, air pressure can cause the great- 
est variation in octane-number requirement. Earlier road tests 
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11, 12] indicated a reduction in octane-number requirement averagine 
3 octane units per 1,000 ft increase of altitude. 

Accurate information on the effect of altitude on octane-number 
requirement of CFR engines is afforded by the data of the altitude- 
chamber tests. The relation between air pressure, B, and octane- 
number requirement, z, can be found for the ASTM Motor Method 
engine from eq 3 and 6, as follows. From eq 3, 


dy/dz= — 0.025330 +0.03;10152—0.0;2000z?— 0.0,5000z°. (9 


From eq 6, 
dy/dB=—0.03. 
Hence 
dB/dxr= +-0.1777 —0.0,33832-+ 0.0,66672?+ 0.0,16672’, 
and 
B=A-+0.1777z—0.0,16922?+-0.0,222227'+ 0.0,417z'. 
Similarly, from eq 7 and 8, for the CFR Research Method engine, 
B=A+0.099282-+ 0.0,222372? —0.0,285842° + 0.0,.228972". (13 


The integration constants A can be evaluated from any known pair of 
values of Band x. To illustrate the variation of octane-number re- 
quirement with altitude for different values of the requirement at sea 
level, figures 3 and 4 have been calculated from eq 12 and 13. The 
equation for each curve on these figures has been found by evaluating 
A (eq 12 or 13) for a value of z which is an integer at B=29.92. 

A comparison of figures 3 and 4 shows that they do not differ to any 
creat degree—in fact, not much more than owl result. from experi- 
mental errors—contrary to what might possibly have been expected 
from the large difference in eq 6 and 8. The road-test data of Mac- 
Coull, Hollister, and Crone [12] are generally in somewhat better agree- 
ment with figure 3 than with figure 4, if due allowance is made for the 
probable differences of humidity in their tests at different natural alti- 
tudes. It appears possible that the variation of octane-number require- 
mevt with altitude is nearly independent of the engine used. In any 
case, estimates of this variation for automobiles made from figure 3 
will be correct within the experimental error of road testing. 


VIII. CONCLUSIONS 


The conclusions drawn from the tests reported herein and holding 
over the ranges covered by these tests are as follows: 

1. The effect of altitude on knock ratings can be obviated by operat- 
ing at constant knock intensity. 

2. The micrometer setting giving constant knock intensity is a linear 
function of air pressure, the derivative of this function being invariant 
with octane number and being 0.030 in. per in. Hg for the ASTM Motor 
—a. and 0.020 in. per in. Hg for the CFR Research Method. 

The effect on knock intensity of a change in volumetric efficiency 
vena by change of venturi size or other restriction can be compensated 
by a change of micrometer setting, the amount of this change being 
the same at all altitudes and all octane numbers. 

4. For both test methods, the micrometer setting for standard knock 
intensity is a direct polynomial function of the octane number, within 
experimental error. 
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5. The functions relating octane-number requirement of CFR 
engines to altitude are derivable from the guide curves, and appear to 
be of general applicability. 

ALTITUDE, THOUSANDS OF FEET 
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FicurE 3.—Variation of octane-number requirement with altitude, ASTM Motor 
Method engine. 
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Figure 4.— Variation of octane-number requirement with altitude, CFR Research 
Method engine. 


The high precision of the altitude-chamber test data, which so 
greatly facilitated this analysis, amply bespeaks the technical skill 
and thoroughness of the cooperating participants: B. A. Kulason, 
of The Texas Co.; J. L. Philips and H. R. Jacobus, of the Standard 
Oil Development Co.; W. S. Mount and G. MacDonald, of the 
Socony-Vacuum Oil Co., Inc.; B. R. Siegel, of the Sinclair Refining Co.; 
and C. H. Walstrom and A. R. Pierce, of the National Bureau of 
Standards, whose careful work is gratefully acknowledged. 
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TABLE 12.— Micrometer setting for standard knock intensity 


[9/16-in. venturi—barometric pressure of 29.92 in. Hg] 








| 
Micrometer setting | Micrometer setting 





| 
| 


| Motor Research 


Method Method 


Motor Research 
Method | Method 





in. in. 
0. 739 
. 734 


} 
| 
| 
| 
Octane number | ASTM | OFR | CFR 
| 
| 

















455653—42 5 
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TABLE 13.—Guide table for ASTM Motor Method, using 9/16-in. venturi 





| | 


| 5.58 ss | a 6.77 





Compression ratio at | 

29. 92 in. Hg --| 4.63 4.79 
Micrometer setting at | | 

29.92 in. Hg--- .-| 0.7391) 0. 6862) 0.6196 


0.5795) 0. 5338] 0.4818] 0. 4228) 0.3559] 0. 2803! 0.1952! 0. qu. 
Octane number-.-----| 40 50 | 60 } ; 


65| 70 | 75 | 80 85 90 95 


| 
| 





Barometric pressure Micrometer setting for standard knock intensity 


| 
88 





in. Hg | in. in. | in. in. in. in. | in. 
s 0.771 | 0.719 | 0.652 | 0.612 | 0.566 | 0.514 | 0.455 
.765 | .713| .646| .606| .560| .508 | 

.759 | .707 | .640] .600] .554} .502 


. 753 | 005 | . 634 . 594 . 548 - 496 


in. 
0. 313 


747 | .695 - 628 . 588 . 542 . 490 
. 741 . 689 . 622 . 582 - 536 | . 484 


. 735 . 683 -616 | .576 | .530 - 478 
- 677 -610 | .570 . 524 . 472 
. 671 . 604 . 564 . 518 . 466 
. 665 . 598 . 558 -512 | .460 
. 659 .592 | .552] .506| .454 





. 653 . 586 . 546 . 500 . 448 ° . 
. 647 . 580 - 540 . 494 - 442 . 38% ‘ - 24 . 156 | 
. 641 . 574 . 534 . 488 . 436 +s a a . 150 
. 635 . 568 . 528 - 482 - 430 ce ° - 228 . 144 
. 562 . 522 . 476 - 424 . . «22 . 138 


.556 | .516] .47 sa18 1. . 2 ‘ . 132 | 
.550 | .510] .464] .412] .353] . : 126 | 
544 | .504] .458 | .406] .347)] . .205 | .120 
.605 | .538 | .498] .452| .400] .341] . -199 | .114)} 
.599 | .532] .492|; .446] .304] .335] . +193 |. 108 | 











| 











' 





TaBLE 14.—Guide table for ASTM Motor Method, using 19/32-in. venturi 


Compression ratio at | | 
29.92 in. Hg---_.--- 4.51 | 4.66 | 4. 87 5. 01 5. 5. 40 5.66 | 6.01 6. 47 7.10 
Micrometer setting at | | | | 

29.92 in. Hg-_-- 0. 7811) 0. 7282) 0.6616) 0.6215) 0.5758) 0. 5238] 0. 4648) 0.3979) 0.3223) 0.2372) 0.1417 
Octane number 40; 50| 60 65 70| 75 80} 85 | 90 | 95 | 


| | | 

















Barometric pressure Micrometer setting for standard knock intensity 





in. | in. | in. | in. in. | in. | in. 
0.731 | 0.664 | 0.624 | 0.578 | 0. . 467 | 0.400 | 0.325 
.725| .658] .618| .572]| .65: ; .894 | .319 
-719 | .652| .612| .566) .! .455 | .388] .313 
.713 | .646 -606 | .560 . 508 . 446 . 382 
| .707}| .640| .600| .554| . .443 | .376 
.701 | .634] .594] .548| . 4 . 370 


) 
= 


88388 


t 
© 
ON eS 


-695 | .628 | .588 | .542] .4¢ a . 364 
-689 | .622] .582| .536 . 48 42% . 358 
.683 | .616] .576] .530] . 473 - 4if . 352 
. 677 -610 | .570 | .524 ‘ 415 . 346 
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TABLE 15.—Guide table for ASTM Motor Method, using %-in. venturi 
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WEATHER RESISTANCE OF PORCELAIN-ENAMELED IRON 
STRUCTURAL UNITS 


By William N. Harrison and Dwight G. Moore 


ABSTRACT 


A study of the weathering resistance of vitreous enameled architectural panels 

was begun by the National Bureau of Standards in 1939. The study involves 
864 one-foot-square panels, representing 14 types of enamel and a like number 
f 4- by 6-in. laboratory specimens. At the end of the first year of exposure at 
four locations selected for different climatic conditions, over half of the panels 
showed no visible weathering effect, and in no case did weathering produce any 
‘failure of the enamel to protect the underlying metal from rusting. 

The full-mat enamels were found unsuited for architectural use where appear- 
ance is important, because of fading and of difficulty in cleaning. Mild fading, 

und on some of the non-acid-resistant colored enamels, was associated with a 
minute pitting of the enamel surface, probably caused by the presence of acid- 
forming gases in the atmosphere. The enamels of high acid resistance did not 
show this effect. 

Weathering of the panels was found to be more pronounced at those locations 
where there is a relatively high concentration of combustion gases, and less 
severe where there is a practical absence of these gases in the atmosphere. An 
accelerated weathering test is described, which gives an effect closely resembling 
the most important form of actual weathering. 
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I. INTRODUCTION 


During the past few years the increased use of porcelain enamel as 
an architectural material and the diminished availability of zine and 
tin for use in roofing and siding have‘ accentuated the need for ade. 
quate data on the weathering resistance of various types of porcelain 
enamel on architectural units. 

That porcelain enamels, when properly selected, have excellent 
durability against the destructive action of weathering is widely 
recognized. For example, there are reliable reports of porcelain- 
enameled street and advertising signs which have been exposed for 
as long as 25 years without apparent deterioration of the enamel, 
However, it is known by those familiar with their manufacture that 
not all enamels are equally resistant to weathering. Experience has 
shown that specialized types of porcelain enamel are frequently 
preferable for specific uses. One notable example is in the field of 
hot-water tanks, for which only properly selected enamels will give 
satisfactory results. 

The present study was undertaken with the dual purpose of deter- 
mining which types of enamel are the most resistant to weathering 
under various typical climatic conditions and of developing, if possible, 
an accelerated test by means of which the most durable types can be 
selected in the laboratory. 

A review of the literature disclosed only two reports of systematic 
attempts to evaluate the relative weathering resistance of enamels of 
various types. Summarized results of these investigations, both of which 
were made by the same laboratory, are reported by Ammon [1]! and 
by Sweo [2]. For the latter report, 6- by 12-inch specimens from 55 
enamels prepared in one laboratory were exposed at Cleveland, Ohio, 
and Miami, Fla. 

The present investigation was begun by the Enameled Metals 
Section of the National Bureau of Standards in 1939, and was planned 
with the assistance of an advisory committee from the industry. 
Through the cooperation of 16 different manufacturers, 864 one-foot- 
square panels and an equal number of 4- by 6-inch laboratory speci- 
mens were prepared. Most of the enamels furnished were regular 
commercial products, but they were not in all cases enamels which 
had been proved suitable for architectural purposes. 

The present paper comprises a progress report covering the first yea 
of weathering. Further, an accelerated test is described which corre- 
lates well with the results of actual weathering and appears to simu- 
late the mechanism of the most important form of weathering. It is 
planned to present further data as the investigation continues and also 
a final report at the conclusion of the study. 


II. CONDITIONS PREVAILING AT LOCATIONS OF 
EXPOSURE 


The four different locations chosen for exposing the specimens are 
described briefly in table 1. At Washington, D. C. the supporting 
racks are located at the National Bureau “of Standards, which is in a 
residential section of the city, but, because the stack of a heating 
plant is situated some 50 yards to the southwest of the racks, there 


1 Figures in brackets indicate 1 he literature references at the end of this paper. 
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may be considerably more combustion gases in the air under certain 
weather conditions than is normal for an average residential location. 
Computations indicated that this stack in midwinter may discharge 
into the atmosphere as much as 500 pounds of sulfur dioxide in 24 
hours. Exhaust fans from chemical hoods also discharge into the 
atmosphere at several points around the Bureau grounds, but air: 
contamination from this source is believed to be almost negligible. 

The St. Louis, Mo. location is about 200 yards from the railroad 
terminal, which presumably is one of the most smoky sections of the 
city. The smoke-abatement ordinance of 1940, which substantially 
reduced smoke concentrations in this section, was put into effect 
after the specimens were placed on test. However, there is still an 
abundance of combustion gases near the terminal, and it is believed 
that this location, even with the ordinance in effect, represents a 
severe industrial atmosphere. 


TABLE 1.—Exzposure-test locations 








Exposure site | Exposure conditions represented 





Washington, D. C_- Roof, Industrial Bldg., National Bureau | Temperate, residential. | 
| of Standards. } 

St. Louis, Mo. ...-| Roof, Union Electric Co. warehouse.......| Temperate, industrial. } 

Lakeland, Fla_.......| Ground, Municipal Airport -- ....--| Semitropical, residential. 

Atlantic City, N. J- Ground, U. 8. Coast Guard Station_--__- Temperate, ‘‘salt air’’. 








At Lakeland, Fla. the racks are situated about 2 miles from the 
center of the city, which is about 35 miles inland from Tampa. The 
atmosphere can be considered representative of subtropical conditions, 
with practically no contamination from industrial sources. 

At Atlantic City, N. J. the racks are located on the grounds of the 
new United States Coast Guard Station about a mile from the city 
proper. They are 30 yards from the shore of a protected cove and 
are in such a position as to be exposed to “salt air’ without being 
subjected to a salt-water spray. However, under certain weather con- 
ditions, when the wind is from the southwest and the barometric 
pressure is low, there may well be some atmospheric contamination 
from city combustion gases. 


TABLE 2.—General weather data for the first year of exposure 








| | | 
Total Total | Average | Average sul- 
rain- sun- |tempera-| fur dioxide 
fall} shine ! ture! | content? 
} | 





Exposure period 


} 
| 
| 
| 
| 
| 
| 


| 
| 
| 
| 
| 
| 
| 
! 


| in. oF | ppm, by vol. 
Washington, D. C Dec. 1939 through Nov. 1940 : i 54.5 | 0. 008 
St. Louis, Mo Apr. 1940 through March 1941-__--- 24.4 | 2, 763 57.0 | . 366 
Lakeland, Fla__.......| July 1940 through June 1941. __-- -| 4 ae 71.1 | (3) 
Atlantic City, N. J_...| Aug. 1940 through July 1941. _-.-.-} 37. 4 2, 53.4 | (3) 





' Covers actual period of exposure. 
? Taken from Air Hygiene Foundation Bulletin No. 1 (1937). 
+ Not available. 


At all four locations the racks face in a southern direction, the panels 
being exposed at 45° from the horizontal. The 45° angle has been 
found to promote weathering attack with organic finishes [3] and may 
be assumed to have a similar effect upon porcelain enamels. 
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Pertinent data as to the atmospheric conditions at these four’loca- 
tions are given in table 2. These data were furnished by the United 
States Weather Bureau and cover the actual period of exposure. Th, 
sulfur-dioxide content is taken from an Air Hygiene Foundatioy 
report [4] and, in each case listed, the gas samples were taken within 
300 yards of the actual exposure site. They, however, were taken 
before the exposure period. 


III. DESCRIPTION OF THE SPECIMENS AND METHOD oF 
MOUNTING 


The 1-foot-square panels being exposed at the several locations are 
fabricated of 16-gage iron and have 1-inch flanged edges. The flange 
on the lower side has a }-inch outward extension parallel to the face 
of the panel. Two clips made of 1-inch strip iron are welded to the 
top flange so as to extend downward. The clips and the lower flange 
extension fit into 18-gage galvanized-iron channels, which in turn wer 
firmly attached to the supporting racks. The crevices between the 
specimens were not calked but were left open to facilitate removal of 
the panels during periods of inspection. 

The supporting racks were constructed of %¢-inch angle iron and, 
after priming, were painted with aluminum paint. Each rack was 
constructed to support 28 of the 1-foot-square panels at an angle of 
45° to the horizontal. 

Seven racks were required for each location. At those locations 
where the panels were exposed on flat roofs, the racks were anchored 
with weights, and at the ground locations the racks were anchored to 


piers of concrete blocks. Figure 1 shows the installation at Wash- 
ington, D. C. 


IV. TYPES AND SOURCES OF THE ENAMELS 


The 14 types of enamel included in the study are listed in table 3. 
Each of the four enamel frit manufacturers furnished all 14 types of 
frit, together with directions for mill additions? and firing tempera- 
tures, making a total of 56 varieties of enamel. According to the 
original plan, 14 fabricators of enameled articles received these enamel 
frits for use in preparing the specimens. As shown in table 3, the 
distribution of the frits among the fabricators was such that each 
fabricator received two types of frit. 

In the specimen identifications given in the first column of table 3, 
the letters designate the enamel types; the numbers following the 
letters identify, by code, the source of the frit that was used for each 
specimen as well as the fabricator. Thus the specimens represented 
by numbers 1 to 8 and 11 to 18 for each enamel type were made from 
frit supplied by the first of the four frit manufacturers, 21 to 28 and 31 
to 38 from frit supplied by the second, 41 to 48 and 51 to 58 by the 
third, and specimens 61 to 68 and 71 to 78 from frit supplied by the 
fourth manufacturer. For each type of enamel, the panels made by 
one fabricator were numbered 1 to 8, 21 to 28, 41 to 48, and 61 to 68, 
whereas the duplicates made by the other fabricator were numbered 
11 to 18, 31 to 38, 51 to 58, and 71 to 78. In every case an additional 

1 In the preparation of an enamel for application to sheet iron, the enamel frit is ball-milled together with 


such ingredients as clay, opacifier, color oxide, electrolyte, and water. All of those materials added at the 
mill consitute the mill additions. 
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TABLE 3.—Percentage of initial specular gloss retained at 4 exposure locations at end 
of first year of weathering, together with summarized results of acid resistance anj 
carbon dioxide tests on same compositions—Continued 
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age } 
Specimen identi- Fabri- } intial | | 
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TABLE 3.—Percentage of initial specular gloss retained at 4 exposure locations at end 
of first year of weathering, together with summarized results of acid resistance and 
carbon dioxide tests on same compositions—Continued 


| Aver- | Average percentage of initial specular gloss retained ? Acid 
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1 Groups of 8 panels exposed, 2 at each location. Ninth panel kept in storage. 

2 Values are average of 2 panels with 2 readings on each panel. Group averages for nominally Acid-resist - 
ant groups do not include values for specimens of class C or lower acid resistance. 

3 All tests made with specimen immersed in distilled water and under a carbon dioxide pressure of 4 in. 
if mercury for 17 hours at 26° +2° C. 
a Ay made according to Porcelain Enamel Institute standard acid-resistance test for flatware issued 
April 1940. 

’ Enamels marked with a “P” after the four-location average are known to have pitted after 1 year at 1 

r more of the 4 locations. In general, the lower the percent gloss retained for those enamels marked ‘“‘P,”’ 

the more pronounced was the pitting. 

6 Full-mat enamels—initial gioss too low for measurement. 

7 Panels badly warped—impossible to make proper gloss measurements. 
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V. MEASUREMENTS PRIOR TO EXPOSURE OF THE 
PANELS 


Before the panels were exposed at the indicated locations, severg! 
of their properties were measured and recorded. They were firs} 
washed with a warm 1-percent solution of trisodium phosphate. 
thoroughly rinsed in hot tap water, and dried in air. Specular-gloss 
measurements were made with the Hunter Multipurpose Reflectom- 
eter [5] at two fixed locations near the center of the surface to be 
exposed. Reflectance values with blue, green, and amber filters wer 
obtained with the same instrument at the two lower corners of each 
specimen as a means of obtaining a permanent record of the initial 
color. The panels were also examined visually for surface defects, 
and a record was made for future reference. 

At each location, panels were exposed in duplicate, and this ar- 
rangement accounted for eight of the nine panels constituting each 
set. The same initial measurements were also made on the ninth 
panel, which was then stored indoors for subsequent comparison with 
exposed panels. 


VI. RESULTS OF INSPECTION OF THE PANELS AFTER ]1 
YEAR OF EXPOSURE 


At the conclusion of the first year of exposure, the specimens were 
examined for any evidence of changes in the enamel surface. They 
were first prepared for inspection by washing two-thirds of the exposed 
surface of each specimen with a warm 1-percent trisodium phosphate 
solution, rinsing in hot water, and drying in air. A vertical strip 4 
inches wide along the left side of each specimen was left undisturbed. 
All specimens were examined visually and tested for specular gloss 
before being replaced in the racks. Selected specimens were also 
examined microscopically, and, in a few cases of noticeable color 
change, color measurements were made before the specimens were 
replaced in the racks. 


1. ACCUMULATION OF DIRT AND EASE OF CLEANING 


Difficulty in cleaning the panels was encountered only after their 
exposure at St. Louis. At the three other locations, the natural 
cleaning action of rains was apparently sufficient to keep the surfaces 
of the panels, except those with full-mat finish,’ relatively clean, and 
any deposit that was present could readily be removed by washing 
with the 1-percent trisodium phosphate solution. At St. Louis, 
however, the panel surfaces were covered with a strongly adhering 
coating resembling soot, which was not removed by rain. Washing 
the panels with 1 percent trisodium phosphate removed the top layer 
of this coating but left a visible film which required a scouring agent 
for its removal. This film was present on both the acid-resistant and 
non-acid-resistant enamels but seemed to adhere more tenaciously to 
the latter type of surface. 

The full-mat enamels exposed at St. Louis were difficult to clean 
effectively, even by scouring. This was also true, to a lesser degree, 
at the other locations. In general, the acid-resistant enamels were 


*Some of the “‘semimat” enamels were furnished in what might more properly be called full-mat textures. 
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more easily cleaned than the non-acid-resistant, but this factor was 
not as important as that of surface texture, namely, whether the 
surface was of glossy, semimat, or full-mat texture. 


2. VISUAL EXAMINATION AFTER CLEANING 


The visual inspection, after the panels were cleaned, showed that 
in no case did weathering produce any failure of the enamel coatings 
to protect the underlying metal from rusting. Also, except for some 
of the full-mat enamels, none of the enamel surfaces showed any 
obvious change in appearance. However, when a careful inspection 
was made, using the corresponding storage panels as comparison 
standards, it was possible to detect slight changes in the surface 
appearance of a number of the specimens. These changes fell in the 
categories of glossiness, iridescence, and fading. 


(a) GLOSSINESS 


The necessity of comparing exposed panels with storage panels to 
detect changes in appearance was especially apparent in the visual 
inspection for glossiness. Panels which were originally classified as 
glossy, semimat, or mat, in every case retained the same classification 
when examined. Even in juxtaposition with storage panels, no change 
in glossiness was readily apparent from visual inspection of the acid- 
resistant panels. A number of the glossy specimens of non-acid- 
resistant enamel did show visible changes in glossiness however when 
compared with the corresponding storage panels. Since the specimens 
had been washed with a 1-percent solution of trisodium phosphate 
prior to inspection, it is evident that the original appearance could 
not readily be restored by washing. 


(b) IRIDESCENCE OF BLACK ENAMELS 


The most noticeable change in appearance of the glossy specimens, 
after the first year of exposure, occurred on some of the black panels 
of both acid-resistant and non-acid-resistant compositions. These 
particular panels, all of which were made by the same fabricator, were 
found to have a slight scum or bloom over parts of the surface before 
exposure. This scum, in most cases, was of a pattern such as might 
be formed from stacking the panels in the plant after firing. This 
condition became much more pronounced during weathering and, after 
a year of exposure, took the form of an iridescent film which could 
be removed only by vigorous polishing with a scouring agent. The 
exact cause of the scumming on the panels before exposure has not 
been definitely determined, but, from available evidence, including 
consultation with the fabricator, it is believed to be due to storage 
in the plant where fumes from the furnace or pickling room were 
active. 

(c) FADING 

On most specimens, no visible fading had occurred. None of the 
glossy, acid-resistant panels showed any detectable color change, but 
in a few of the other enamels there was evidence that some fading had 
taken place. This effect was pronounced on the full-mat enamels of 
both non-acid-resistant and acid-resistant types. Fading, to a degree 
that could be detected visually, was evidenced on a small minority 
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of the colored, nonacid-resistant, glossy specimens, but it was of 
different type from that noted on the mat surfaces. It was found that. 
when these glossy panels were subjected to careful visual examination 
under proper lighting conditions, numerous tiny pits distributed over 
the enamel surface could be discerned. These pits had become apn 
integral part of the surface texture and could not be removed by 
washing, boiling in water for 1 hour, or by scouring. They were 
partic ‘ularly noticeable on the black and red, non-acid-resistant 
panels, where they appeared as minute white specks, thus making 
the original color appear lighter and weaker. This pitting occurred 
on the same varieties of enamels at all four loc ations, but appeared to 
be much less pronounced at Lakeland than at St. Louis, Washington, 
and Atlantic City. 

On the basis of visual appearance only, weathered panels have 
sometimes been referred to as “‘scummed.” Unless there is a remoy- 
able surface deposit, however, it is thought that “faded” is a more 
descriptive term. 


3. MICROSCOPIC EXAMINATION 


A metallographic microscope was used to examine the surfaces of 
many of the specimens at the conclusion of the first year of exposure, 
and photomicrographs were taken of a number of representative 
panels. 

Surfaces typical of enamels of high weather resistance are shown in 
figures 2, 3, and 4. In these enamels, no significant change can be 
seen in the surface microstructure, and the panels have not changed i in 
general appearance to any noticeable extent. Almost half of the 
specimens exposed were of this class of weather resistance. The 
appearance of the specimens shown in figures 2, 3, and 4, as revealed 
by the microscope, suggests the presence of numerous surface i irregu- 
larities which might ‘produce an unsatisfactory appearance to the 
naked eye. Such is not the case, however. The enamels represented 
in figures 2 and 3 appear uniform and glossy to the naked eye, and 
that in figure 4 appears uniform and semiglossy. 

In the previous section it is stated that the enamels of poor acid 
resistance, in many cases, were pitted. Figure 5 shows a typical 
pitted surface of an exposed specimen having class “‘C”’ acid resistance 
[6] * as compared with the storage specimen of the same enamel. 
The pits at the upper right corner of the photomicrograph of the 
exposed panel, E, were apparently caused by tiny flakes of enamel 
actually leaving the surface. The large single pit to the left on the 
lower edge showed colored interference lines, indicating that, while 
an area of surface had been ruptured, the flake itself still adhered, 
however weakly, to the underlying enamel. In either case, the flakes 
penetrate only to a depth of the order of 0.0001 inch into the enamel 
and do not exceed a diameter of 0.002 inch. Nevertheless, they pro- 
duce optical effects which make the panel surface appear faded or 
scummed. 

In no case was any enamel having an acid resistance of class A 
or class AA found to be pitted when examined with the microscope, 

4 The classification for acid resistance, as used in this paper, is in accordance with the Porcelain Enamel 


institute test for the acid resistance of flatware. In this test, class 4A is the most resistant, with class A, 
class B, class C, and class D following in that order. E namels falling in the latter two classes are not con- 


sidered as acid resistant. 
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and only one enamel of class B acid resistance developed any pits. 
On the other hand, all the enamels of class C or D acid resistance 
showed pitting to varying degrees. The full-mat enamels are ex- 
cepted from these statements regarding pitting, since the surface 
exture was such that pitting would be difficult to detect, and fur- 
hermore the full-mat enamels are considered unsuitable for archi- 
tectural use where appearance is important, for reasons discussed 
lsewhere in this paper. 

The severity of pitting of these non-acid-resistant enamels was 
found to be considerably influenced by the location of exposure, as 
indicated in figure 6. In general, pitting was most severe at Washing- 
ton and St. Louis, and least severe at Lakeland, with Atlantic City 
falling between. The dingy film mentioned previously as being 
present on the St. Louis panels shows up in figure 6 as being firmly 
imbedded in the pits of the St. Louis panel. This particular panel 
had been cleaned with a scouring powder before the microscopic 
examination; a cleaning procedure which was apparently successful 
in freeing the surface of all the film on those areas where pits were 
not present. 

That the severity of the weathering action is associated with the 
size of the pits is brought out by figure 7. This series of photo- 
micrographs was taken on the same field of a red, non-acid-resistant 
enamel at various intervals during the first year of exposure. It will be 
noted that some new pits continue to occur, and that the size of the 
pits existing at any stage increases noticeably, on the average, as 
weathering progresses. 

Those enamels showing least resistance to pitting at Washington 
also showed least resistance at the other locations. Indications are 
that, while the severity of pitting varies with the location of exposure, 
the general set of conditions causing the pitting are the same at the 
four locations and vary only in intensity. 

Besides the pitting, microscopic examination brought out another 
tvpe of surface change on at least one enamel. This is illustrated 
in figure 8 by the black, acid-resistant panels T—7 and T-9. So far as 
could be determined, the visible conglomerates of material in these 
photomicrographs consist of black oxide (pigment) which was exposed 
at the surface. This material apparently weathered during exposure, 
causing a loss in glossiness and a very slight graying of the enamel, the 
total visible effect of weathering being small. The same change in 
surface appearance of this enamel was found at all four locations to 
about the same degree. Another black, acid-resistant enamel made 
from the same frit, T-11 to T-19, but prepared by another fabricator, 
did not show this effect. Special inquiry was made to determine 
whether the mill additions, though nominally the same, were actually 
different, but so far as could be determined both fabricators used 
identical mill batches. 


+ 
\ 
+ 


4. MEASURED COLOR CHANGE 


Complete color measurements were not made on all the enamels at 
the end of the first year, inasmuch as a large part of the panels showed 
no visually detectable fading, and for those enamels on which fading 
was visible the changes were usually slight. Only the few full-mat 
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specimens that showed changes which were readily apparent to the 
eye were measured. The outstanding case of fading was observed in 
panels S-1 toS-8. At St. Louis, the fading of these panels amounted 
to as much as 25 NBS units [7]; at Washington, 18; at Atlantic City. 
14; and at Lakeland, 10. Thus, for the avoidance of fading, as wel] 
as to retard the accumulation and retention of surface grime, it may 
be concluded that full-mat surfaces should be avoided. , 


5. SPECULAR-GLOSS IMEASUREMENTS 


The initial gloss measurements were standardized against a liquid 
film [8] to ensure that no change in the standard would occur by 
aging and were all made in Washington. The first-year measure- 
ments were made at the exposure sites with the same multipurpose 
reflectometer, and with the same liquid-film standard. The exposed 
panels were prepared for measurement by the same treatment as 
that used for obtaining the initial values. The film previously men- 
tioned as being present on the St. Louis panels was not completely 
removed by scouring, inasmuch as such treatment would tend to give 
values not strictly comparable with the initial measurements made 
on the panel surfaces washed with a solution of trisodium phosphate. 
However, because the St. Louis measurements of the percentage gloss 
retained were in agreement with visual estimates, and also because 
they follow the same general trends found at the other locations, it is 
believed that the film did not seriously affect the value of the specu- 
lar-gloss measurement. 

The changes in specular gloss at the end of the first year of weather- 
ing are summarized in table 3 and further condensed in table 4. The 
over-all averages for percentage gloss retained, which are listed in 
table 4, show the average loss of specular gloss to be greatest at Wash- 
ington, D. C., with St. Louis, Atlantic City, and Lakeland following 
in that order. That the glossy and semimat enamels, on the average, 
are not appreciably different in weathering resistance is indicated by 
the same table. The full-mat enamels, which showed considerable 
fading, could not be measured for loss of gloss. 


TABLE 4.—Percentages of initial specular gloss retained by different classes of enamels 
at the several locations and in the carbon dioxide test 








Average percentage of initial specular gloss retained 





aa 


"ee 
Types of enamel | City | Average | 
| a en of the 
four 


| Lakeland | locations 


Carbon 
dioxide 
test ! 





St. Louis 


| Washing- | | Atlantic 
ton j City | 


a 
Acid resistant, glossy ?__- | 89. 6 | 90, 3 | 89. 2 | 


Acid resistant, semimat ?_____-_-_| 89. 6 89.6 | 93. 4 | 





Average, acid resistant 2________| .6 | 89.9 | 91.3 | 


Nonacid resistant, glossy_-.---.--- | a3 78.9 | 82. 4 | 
Nonacid resistant, semimat- - -- 6 | 80.9 83. 2 | 





Average, nonacid resistant. .___| : 79.9 82.8 
| ' 





! See page 748 for description of carbon dioxide test. : cis 28 . 

2 A few of the nominally acid-resistant specimens were class B or lower in the Porcelain Enamel Institute 
standard test for acid resistance, but these specimens were not included in the averages for acid-resistant 
enamels. 
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The average values of initial specular gloss retained for all acid- 
-esisting enamels, when compared to those of the non-acid-resisting 
enamels, show that at each location the non-acid-resisting enamels 
have significantly lower values. This same relation exists throughout 
all of the enamel types. 

With regard to extremes, table 3 shows that, at the end of the first 
year, the buff, glossy, acid-resistant enamels, as a group, had retained 
the highest percentage of their specular gloss, whereas the black, 
lossy, non-acid-resisting panels retained the least. 


Oo 


VII. ACCELERATED WEATHERING TESTS 


The need for an accelerated weathering test for vitreous enamels is 
obvious. The ideal test, of course, Would be one which would correlate 
so well with actual weathering that predictions could be made on any 
given enamel as to its probable useful service life at any normal 
location. One of the objectives of this investigation was to develop 
an adequate accelerated test. There follows a description of several 
accelerated tests which were investigated. 


1. RADIATION TESTS 


Several radiation tests were made, using the 4- by 6-in. laboratory 
specimens with enamels of the same compositions as those of the 
panels exposed outdoors. An exposure time of 500 hours was used 
and four distinct tests were included. These were: 

1. Unfiltered carbon-are radiation, using “sunshine” carbons which 
vive radiation roughly simulating the shorter wavelengths of sunlight. 

2. The same radiation as above, except that the radiation was 
alternated with a water spray. [9] 

3. Carbon-are radiation, using special carbons giving higher con- 
centrations of the shorter ultraviolet radiation. 

4. Mercury-arc radiation. 

None of these tests was effective in producing any noticeable break- 
down of the enamel, a result which is in agreement with previous 
work reported by Ammon [1]. The only change noted was a slight 
loss of specular gloss, which was found to be greater for the acid- 
resistant enamels than for the non-acid-resistant. In only two enamels, 
T-1 and T-21, was there any line of demarcation, visible to the naked 
eye, between the exposed and unexposed areas. From the results of 
these tests, it seems probable that sun radiation plays only a very 
minor part in the weathering of vitreous enamels. 


2. AUTOCLAVE TESTS 


Autoclave tests were made on all enamels included in the investiga- 
tion. The 4- by 6-inch laboratory specimens were used for this pur- 
pose, and these were immersed to a depth of 3 inches in distilled water 
in a Pyrex beaker. The autoclave was electrically heated, and the 
power input was so regulated that the temperature was raised to 150° 
C in 90 minutes, held at 150° C for 5 minutes, and cooled from 150° 
to 80° C in 150 minutes. The total time above 100° C was 185 
minutes. 

Surface attack was evaluated both by visual examination and by 
gloss measurements. Although the results showed appreciable differ- 
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ences in the various enamels, no correlation was observed between 
these results and those obtained from actual weathering. 


3. MISCELLANEOUS TESTS WITH WATER 


During the early stages of the investigation, it was considered 
possible ‘that the pitting of the non-acid-resistant enamels might be 
caused by the action of moisture together with either subsequent freez- 
ing and thawing or the heating of the surface by sun radiation. ‘To 
test this hypothesis, several enamels of low pitting resistance were 
— to the following conditions: 
. Continuous water spray for 72 hours, followed immediately by 
re ezing 
Boiling for 2 hours, followed by freezing. 
:. oiling for 2 hours, followed by heating the specimens over a gas 
flame. ; 
None of these tests produced any noticeable breakdown of the enamel 
nor did the results correlate in any way with the results obtained on 
the exposed specimens. 


4. ACID-RESISTANCE TEST 


The standard test of the Porcelain Enamel Institute for the acid 
resistance of flatware [6] was made on the 4- by 6-in. specimens of all 
enamels included in the study. These results are reported in table 3 
It will be noted that there is a definite correlation between acid resist 
ance and durability, the enamels of high acid resistance weathering 


less, on an average, than those of poor acid resistance. This same 
correlation has been noted previously by both Ammon [1] and 
Sweo [2]. 


5. CARBON DIOXIDE TEST 


Carbon dioxide is the ouly acidic gas present in an appreciable 
quantity in uncontaminated air. For ex xample, the carbon dioxide 
content of the air in busy thoroughfares will average 0.05 to 0.09 per- 
cent, by volume, whereas clean air will give an average analysis of 
0.03 percent of carbon dioxide. It was believed possible that this gas 
might be a factor in enamel weathering and, hence, one of the first 
attempts to devise an accelerated test by means of weak acids was 
made using this gas. ' 

The carbon dioxide test which was developed consists in exposing 
the specimens, while partially immersed in distilled water, to carbon 
dioxide under a pressure slightly above atmospheric, resulting, 0! 
course, in the formation of carbonic acid. In making a test, the 
pressure chamber was first flushed with carbon dioxide, and the needle 
valve on the carbon dioxide supply tank then adjusted to give a flow 
of 1 or 2 milliliters per minute through the pressure regulator, which 
was set to give a pressure equivalent to 4 inches of mercury. This 
pressure was held for 17 hours, after which the specimens were removed 
and dried in an oven at 110° C. 

Figure 9 is red, acid-resistant enamel N-31, after actual weathering, 
as compared with a duplicate specimen which had undergone the 
carbon dioxide test. The pits resulting from the carbon dioxide test, 
although not identical in size and shape with those on the panel which 
had undergone actual weathering, were nevertheless of the same 
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veneral type and appeared to be formed from the same mechanism. 
None of the other accelerated tests gave e{fects similar in appearance 
o those of actual weathering. 

The average percentages of initial specular gloss retained on the 
immersed part of the specimens subjected to this test are given in 
table 3. It will be noted that, in most cases, there is a good correla- 
tion between these data and the gloss data on specimens subjected to 
actual weathering, but there are exceptions to this agreement. These 
may be explained in part by the possibility that (1) the 4- by 6-in. 
specimens are not identical with the larger panels used for the actual 
exposure, or (2) other factors beside weak acid attack may be responsi- 
ble for some of the effects noted in the weathered panels. 

Microscopic examinations of the specimens after the carbon dioxide 
test showed that pitting had occurred on the same enamels which 
pitted in actual exposure. However, it was found that in only rare 
exceptions did this pitting show up when the specimens were first 
removed from the pressure chamber. For the pits to appear, it was 
first necessary to dry the surface thoroughly. Drying at room tem- 
perature and room humidity for prolonged periods caused practically 
no pitting. However, when these air-dried specimens were heated 
slightly, the flaking immediately appeared on the enamel surface. 
Likewise, when the specimen was placed in a desiccator over lump 
calcium chloride, the pits began to appear within a few seconds. 

Plunging the specimen in boiling water caused the pits to appear 
only if it was removed from the hot water and allowed to dry in air. 
If the specimen was allowed to cool in the water, the surface was 
unchanged and no pitting was present. 

One explanation of the behavior described above is the possible 
development of a gelatinous film on the enamel surface as a result 
of weathering. This film could be formed during the carbonic acid 
treatment by a leaching of alkali from the enamel, leaving a thin 
surface layer of gel high in silica. This gel, adhering tenaciously to 
the underlying enamel, would contract on drying and in so doing 
cause large forces to be set up in the enamel surface. Some idea of 
the magnitude of the force exerted by a drying gel may be obtained by 
coating a glass plate with gelatin which has absorbed a maximum 
amount of water and observing the degree to which the glass plate is 
bent by the drying film. The strain is frequently sufficient to break 
the plate or to pull pieces of glass from the surface [10]. It is thought 
that the pitting in the surface of the non-acid-resistant enamel 
might conceivably occur from a similar mechanism. The strain in- 
troduced by shrinking of the gel would be released by fracture of the 
enamel surface. The selective nature of the pitting may possibly be 
caused by small local differences in acid resistance over the enamel 
surface, or to failure starting at points of weakness, such as surface 
flaws or discontinuities caused by the presence of particles of mill 
addition at or near the enamel surface. It is also possible that the 
pits are entirely confined to the gel-like layer of the surface and do 
not penetrate into the underlying enamel. 

For the gel theory to be valid, other weak acids besides carbonic 
(or weak solutions of strong acids) should also be effective in causing 
pitting, inasmuch as they would also be expected to produce gelatinous 
films. That such is the case was demonstrated by immersing speci- 
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mens for 17 hours in weak concentrations of various organic and inor- 
ganic acids. <A type of pitting which closely resembled the pits from 
the carbon dioxide treatment was produced in most of these tests. 
However, owing to the leaching of alkali from the enamel surface, the 
pH of these weak solutions changed greatly during test, thus making 
them unsuitable for an accelerated test without either continuous 
replacement of solution, or the addition of a buffer. When acid 
solutions buffered at pH from 4 to 5 were used, however, the attack 
no longer resembled that found on weathered enamels. The out- 
standing advantage of the carbon dioxide test as compared with the 
use of other weak acid solutions is, that the desired steady condition 
can be maintained by a slight flow of carbon dioxide. 


VIII. SURFACE COATING TO INHIBIT WEATHERING 


From the foregoing data, it is apparent that acid-resistant enamels 
in this study have proved far moreresistant to weathering, on the whole, 
than non-acid-resistant ones. The obvious indication is that, in order 
to prevent or at least minimize pitting, a thin coating of a clear acid- 
resistant overglaze, preferably class A or AA in the standard test of 
the Porcelain Enamel Institute, might be applied over the non-acid- 
resistant surface. This type of coating is not new in the enamel 
industry, since it has been used in particular as a final protective 
coating in the manufacture of porcelain-enameled tabletops. In this 
study, it was found possible, by proper selection of the overglaze frit 
and the mill additions, to apply the coating without appreciably 


changing the color of the underlying enamel. 

Figure 10 shows 4- by 6-in. jaboratory specimen N-47 after 6 
months’ weathering at Washington, D.C. Half of this specimen (A) 
was coated in the Bureau laboratory with a thin layer of a clear, acid- 
resistant enamel, and the other half (6) was left uncoated. The area 
of the specimen which was uncoated showed pronounced pitting, 
whereas the coated half showed no detectable change. 


IX. DISCUSSION 


From the standpoint of protection of the metal against corrosion, 
all of the enamels were satisfactory throughout the period covered by 
this report. Practically all the panels showed some measurable change 
in surface properties, but in most cases these changes were not notice- 
able unless comparisons were made with the test specimen in juxta- 
position to the storage specimen of like composition. Even the colored, 
full-mat enamels, in which the fading was pronounced, were uniform 
in color over the entire surface, so that the extent of the fading was 
not apparent without a comparison surface. With the exception of 
these full-mat, and a few of the black, non-acid-resistant enamels, the 
changes in appearance taking place over the first year of exposure 
could hardly be considered objectionable. 

The fact that the enamels showed their best resistance in those 
climates which are most severe on paint and on metals (North Atlantic 
seacoast and Florida) indicates that the mechanism of weathering is 
entirely different. 

The results of the first-year inspection indicate that general climatic 
conditions at any particular location of exposure are of only minor 
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importance as compared to atmospheric contamination by acidic gases. 
For example, table 2 shows the total rainfall at Lakeland to be twice 
that at St. Louis and the average temperature 14° F higher. Both of 
these conditions are factors which might be expected to accelerate 
weathering, yet the St. Louis exposure was by every criterion the 
more severe. The answer would seem to lie in the relatively high 
concentration of combustion products in the St. Louis atmosphere 
and their practical absence at the Lakeland exposure. 

The fact that the Washington panels, on the average, showed the 
sreatest loss of specular gloss requires explanation, if weathering is 
ascribed to the action of acidic gases. Table 2 shows the sulfur dioxide 
content of the air to be many times greater in St. Louis than in Wash- 
ington, but the Washington gas analysis was made on a street about 
200 yards from a heating-plant stack, whereas the exposure location 
ison aroof only 50 yards distant, where concentrations would be much 
higher. Also, itis thought that the accumulated surface coating which 
gave a dingy appearance to the St. Louis panels may possibly have 
acted as a protective film over the panel face and thus retarded 
weathering action. In addition, the discharge of gases from chemical 
hoods at the Washington site should not be discounted entirely as a 
possible explanation for the greater attack. 

The weathering of the Atlantic City panels also may be due in 
large part to the products of fuel combustion. The gases originate 
in the city, and smoke movement toward the location of exposure was 
noted on several occasions during the inspection. Owing to the near- 
ness of these panels to the water, there is considerable dampness, 
and the panels undoubtedly become wetted at night during the sum- 
mer, even in dry weather. The action of “salt” air, so far as can be 
determined from the first-year inspection, is of little importance in 
affecting the resistance of the enamel to weathering. 

The minute pitting of the non-acid-resistant enamel surfaces, as 
illustrated in many of the photomicrographs, is believed to be the 
most serious effect so far observed in the weathering of porcelain 
enamels. It should be emphasized, however, that this pitting was 
observed only on the enamels of poor acid resistance, and was not 
apparent by visual examination except on the colored panels. the 
same type of pitting was observed by microscopic examination on 
the white, non-acid-resistant enamels, but there was no accompany- 
ing change in the appearance of the white surfaces. 

It should also be pointed out that this pitting, in any stage so far 
observed, is objectionable only insofar as the appearance of the panel 
is concerned. The pits which appear as white specks on the surface 
of the colored enamels make'the panels appear lighter and weaker in 
color. The darker colors, as might be expected, exhibit the greatest 
change in appearance from this phenomenon, the blacks showing 
the greatest change. 

On the basis of the first-year inspection, it appears likely that 
many years would be required before the pitting could progress to 
the point at which the underlying metal would be exposed. 

The’gloss*data were found to correlate well, for the most part, with 
the visual estimates of attack and also with the microscopic examina- 
tions. The decrease in the glossiness of the enamel surface during 
weathering may be influenced by the following factors: 
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1. A general filming of the surface, due possibly to hydration and 
change in the chemical structure of the surface, may be active to some 
extent on all the compositions and may account for the slight loss jn 
gloss evidenced by many of the panels of high acid resistance. 

2. Pitting of the surface probably contributes in an important way 
to the loss of gloss on the non-acid-resistant enamels. , 

3. Alteration of exposed particles of mill additions was observed 
on only one‘enamel (specimens T-1 to T-9; see fig. 8), in which the 
black oxide exposed on the surface had weathered, and thus decreased 
the glossiness of the panel. 

4. Photochemical action is brought about by sunlight and may 
be a minor factor in the reduction in gloss of some of the red, and 
black, acid-resistant panels. Slight losses in gloss were noted after 
the laboratory ultraviolet radiation tests®> on these same red and 
black compositions and, hence, it is to be expected that similar 
losses occur in field exposure. 

The work on the accelerated tests confirms the conclusion, from 
the results of outdoor exposure, that acid attack is important in the 
weather resistance of porcelain enamels. Both the standard citric 
acid test [6] and the carbon dioxide test, as described in section 
VII-5, page 748, correlate fairly well with actual weather resistance, 
but no correlation was found in any of the other tests attempted. 
From these results, it is believed to be a logical hypothesis that the 
weathering of porcelain enamels is largely due to the action of weak 
acids over long periods of time. 

The principal objections to the use of the conventional acid tests 
as an indication of weather resistance are as follows: 

1. There are individual exceptions in which class AA enamels are 
not as resistant as class C, as for example, T-1 and V-1 in table 3. 

2. The type of surface failure obtained, using the conventional 
type of acid-resistance test, in no way resembles the breakdown 
obtained in actual weathering. 

3. The acid-resistance test is too severe on non-acid-resistant 
enamels and too mild on the acid-resistant enamels to give the best 
correlation (see table 3). 

These objections are largely overcome by using the carbon dioxide 
test, but it is recognized that all work thus far accomplished on an 
accelerated test has been done with only the results of the first year 
of exposure as a guide as to what kind of surface failure is most 
typical. Longer exposure times may alter the present conception of 
the best type of test. 

As an accelerated weather-resistance test for comparing all types 
of enamels, the carbon dioxide testis recommended. However, since 
with few exceptions the glossy and semimat enamels having an acid 
resistance of class A or class AA, according to the standard test of 
the Porcelain Enamel Institute [6], had good resistance to weather- 
ing, it may be assumed, on the basis of the data so far obtained, 
that this latter test, which is more rapid and easier to perform, 1s 
also a valuable guide to weather resistance. ie) 8 

On the basis of results so far obtained, the authors feel justified in 
making the following recommendations: 


5 See section VII of this paper, page 747. 
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Where appearance is an important factor, full-mat enamels should 
not be used for outside installations, since they tend to accumulate and 
retain a dingy film and to fade. 

2. Enamels of acid resistance less than class B (PEI test) should 
not be used in any architectural installation, if general appearance 
and absence of fading are important factors i in the installation. An 
acid resistance of class A or class AA probably is to be preferred. 


xX. SUMMARY 


The fact that porcelain enamels can be adapted to a wide variety 
of specialized uses, by proper adjustments in composition, has as its 
corollary the fact that careful selection is required to obtain the type 
of enamel best suited to a given use. That weathe -r-resisting enamels 
are no exception to this rule is indicated by the following summary of 
results obtained in a study involving 864 panels, most of which were 
exposed for a year at one of four locations selected to obtain a v ariety 
of — and atmospheric conditions. 

More than half the enamels included in the investigation showed 
no Visible effect after 1 year of exposure. 

2. The acid-resisting enamels were, as a whole, distinctly more 
durable than the nonacid-resisting. 

3. The full-mat enamels appeared to be unsuited for architectural 
use, Where appearance is important, because of fading and difficulty 
in cleaning. 

4, Changes in appearance of the surface of the non-acid-resistant 
colored enamels were, in some instances, noticeable after the first 
year of weathering. These changes were, in most cases, associated 
with a pitting of the surface, probably resulting from the presence of 
acid-forming gases, such as carbon dioxide and sulfur dioxide, in the 
atmosphere. 

5. The formation of these pits on the non-acid-resistant enamels 
was prevented or inhibited by the application of a thin overglaze of 
clear, acid-resistant enamel. 

6. Weathering was more pronounced at those locations where there 
is a relatively high concentration of combustion gases and least severe 
where there is a practical absence of these gases in the atmosphere. 

In all cases where visible effects of weathering occurred, the 
changes were confined to the enamel surface only. ‘In no case was 
there’ any failure of the enamel coating to protect the underlying iron 
from rusting. 


This study was made possible by the cooperation of the following 
companies in supplying the necessary enamel frits and specimens for 
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Baltimore Enamel & Novelty Co. 

W. A. Barrows Porcelain Enamel Co. 
Chicago Vitreous Enamel Product Co. 
Davidson Enamel Products Co. 

Erie Enameling Co. 

Ferro Enamel Corporation. 

General Porcelain Enameling and Mfg. Co. 
Ingram-Richardson Mfg. Co. 

Porcelain Enamel & Mfg. Co. 

Porcelain Metals, Inc. 
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Porcelain Metals Corp. 

Porcelain Products Co. 
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Toledo Porcelain Enamel Products Co. 
Wolverine Porcelain Enameling Co. 
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RELIEF OF RESIDUAL STRESS IN STREAMLINE TIERODS 
By Rolla E. Pollard and Fred M. Reinhart 


ABSTRACT 


About two-thirds of the residual stress in cold-worked SAE 1050 steel tierods 
was relieved by heating them 30 inutes at 600° F. Cold-worked austenitic 
stainless steel tierods could be heat« | at temperatures up to 1,000° F without 
lowering the important physical properties. With materials of straight 18-8 
composition, however, the limiting heating temperature was found to be abouc 
900° F, because at higher temperatures precipitation of chromium carbide occurred. 
It is possible that materials containing additions of titanium, columbium, or molyb- 
denum could be heated at higher temperatures, since the carbides of these elements 
would be precipitated in preference to chromium carbide. 

Microscopic examination and Vickers indentation tests indicated localized differ- 
ences in the amount of cold-working. Such differences may explain the distribu- 
tion of residual stress in cold-worked tierods. 
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I. INTRODUCTION 


A high percentage of the streamline tierod failures examined at the 
National Bureau of Standards have been attributed to torsional fatigue 
due to synchronous vibrations. One characteristic feature of such 
failures, in the streamline portion of the tierod, is that fracture invari- 
ably starts at or near the intersection of the minor axis with the surface. 
A typical fracture of this kind in an (18-8) corrosion-resistant steel 
tierod is shown in figure 1. 

The reduction to streamline section is usually performed by rolling 
or drawing. In most tierods the high physical properties required are 
produced by cold-working during these operations. Such _ tierods 
naturally contain very high residual (internal) stresses. Residual 
stresses may be dangerous in highly stressed members, such as tierods, 
particularly when the distribution of stress is such that it acts in the 
same direction as the superimposed service stress. 

In most tierods, the residual stress is so distributed that the highest 
tensile stress occurs at the intersection of the minor axis of the cross 
section with the streamline surface. This is the point at which the 
fractures start. High residual stresses, therefore, probably are impor- 
tant contributory causes of failure in these tierods. 
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In the attempt to reduce the number of failures of this type, an 
investigation was undertaken, at the request of the Bureau of Aeronau- 
tics, Navy Department, to determine whether or not the residual stress 
could be substantially relieved by a relatively low-temperature heat 
treatment without materially affecting the physical properties of the 
material. 

II. MATERIALS 


Streamline tierods of the materials listed in table 1 were included in 
the investigation. 


TaBLE 1.— Materials used in investigation 





Composition 


| Cb | Mo | Cu | Al 


Material 


or 
( 


A (SAE 1050 steel) 
B (SAE 1050 steel) 
C (18-8 stainless) 
D (18-8 stainless) 
FE (18-8 stainless) 


F (18-8 stainless) 

G (18-8+titanium) 
H (18-8+titanium) 

J (18-8+titanium) 

J (18-8+columbium) 


K (18-8+columbium) 
L (18-8+columbium) 
VM (18-8+molybdenum) _- Z 5g | 
N (18-2 stainless) a 10-32 





O (18-2 stainless) — 14-20 
P (18-2 stainless) _- ‘ 54-18 
Q (16-1 stainless) seccccel] 10-82 (>) 
R (16-1 stainless) _ - ...--| %-20 








S (16-1 stainless) _..-| 5-18 (b) 
T (K-monel) = se a 10-32 (¢) 
U (K-monel) - %-20 (¢) 
V (K-monel) --| 58-18 (¢) 

















* Sizes given in Navy Department Specification 49T9a refer to threaded ends. 
» Nominal composition. 
* Typical analysis of a K-monel alloy. 


III. MEASUREMENT OF RESIDUAL STRESS 


The elliptical shape of the streamline tierods would not permit the 
use of the most precise method of residual stress determination orig- 
inated by Howard [1]! and Heyn [2], developed and modified by 
Merica and Woodward [3] and Sachs [4], and used by Green [5] to 
estimate the residual stress in quenched steel cylinders and by Kempf 
and Van Horn [6] to investigate the relief of residual stress in aluminum 
alloys. The split-ring method used by Hatfield and Thirkell [7] or the 
slit-tube method of Crampton [8] were, of course, not applicable to 
solid, elliptically shaped tierods. However, the method used was 
somewhat similar to that of Crampton in that stress was partially 
relieved on one side of a plane of symmetry and the resultant distortion 
of the remaining material was measured. 

In the calculation of the partial residual stresses, it was assumed 
that the stress distribution in the plane under consideration was linear. 


1 Figures in brackets indicate the literature references at the end of this paper. 
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This assumption involved some error, as the actual stress distribution 
probably was not linear. For this reason the calculated average 
partial stress in the plane of the minor axis probably is too high, and 
tbe calculated partial stress at the end of the minor axis probably is 
toolow. The sum of these partial stresses, however, is believed to be 
a fair index of the actual residual stress at the end of the minor axis. 

The residual stress distribution in tbe tierods in the ‘‘as received”’ 
condition was determined by measurements on the major and minor 
axes of the streamline cross section. Distribution of longitudinal 
stresses with reference to the minor axis of the cross section was 
determined by measuring the change in width after partially splitting 
the tierod longitudinally by a saw cut. The cut ends of cold-worked 
tierod specimens approached each other, tending to close the saw cut. 
(See fig. 2.) This indicates initial tension along the longitudinal plane 
of the minor axis and compression at the ends of the major axis. The 
partial residual stress along the longitudinal plane of the minor axis 
(one-half width of saw cut from center of the major axis) was calcu- 
lated, as follows: 

The deflection caused by partially splitting a section by a saw cut 
was measured by the change in width due to cutting. The radius of 
curvature and calculated by the formula 


Ra” 


= 37’ 


where R=radius of curvature in inches, 

L=length of saw cut inches, 

d=deflection (one-half the change in width). 

The partial residual stress was then calculated by the formula 
, EC, 
S= yp 
where S,=partial residual stress near the center of the major axis in 
pounds per square inch, 
?=modulus of elasticity (310 lb/sq in.), 
”,=distance from saw cut to neutral axis of segment (0.42 times 
width of segment). 


Stress distribution with respect to the major axis of the cross 
section was determined by measuring the deflection after machining 
specimens on one side to approximately half their original thickness. 
Partial relief of residual stress due to machining caused the specimens 
to become convex on the machined side (fig. 2). This indicates that 
the residual stress was compressive at the major axis and was tensile 
at the end of the minor axis. The partial residual stress at the end of 
the minor axis was measured as follows: 

The amount of deflection at the end of the minor axis was measured 
with a micrometer depth gage having a length (chord) of 4 inches. 
The radius of curvature was calculated by the formula 


LI? 


~ 2d’ 


R 


where L=one-half gage length in inches, 
d=deflection in inches. 
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The partial residual stress was then calculated by the formula 

g EC; 

A , “> 
R 


where S:=partial residual stress at the end of the minor axis in 
pounds per square inch, 


C,=distance from end of minor axis to neutral axis (0.58 thick- 
ness of specimen after machining, in inches). 


A nominal value of the residual stress at the ends of the minor axis, 
therefore, would be the sum of the two partial residual stresses—the 
partial stress about an axis parallel to the minor axis (Si) and the 
partial stress at the end of the minor axis (S2) about an axis parallel 
with the major axis. In most tierods both stresses were tensile and in 
some of them the total residual stress was very high. The deforma- 
tion caused by partial relief of high residual stresses in some of the 
tierod specimens is shown in figure 2. 

Examples of the measurements of partial residual stress made for 
SAE 1050 steel tierod specimens (materials A and B) in the as- 
received condition are given in tables 2 and 3. Table 4 gives the 
approximate residual stress (the sum of the two partial residual 
stresses) at the end of the minor axis, obtained by similar measure- 
ments on all materials included in the investigation. 

It is estimated that the experimental error involved in the measure- 
ment used in calculating the residual stress is less than 5 percent. 
In this connection, it will be noted in table 2 that actual measurements 
taken at various lengths of cut on specimens of A and B& materials 
gave (except for the first readings on each) values for radius of curva- 
ture well within the calculated error. 


TABLE 2.—Partial residual stress near center of major azis of SAE 1050 steel 
(materials A and B) tierods in the as-received condition 








| leaneaanaecan: 
Width | Change | [Partial resid 


Length Radius ual stress, 


Width of 


width 


| 
Original 
| 


after 
splitting 


| in width 
(2d) 


of cut 
(1) 


| 
segment 
i 


of cur- 
vature 


tension 
(S)) 





SAE 1050 steel_- 


SAE 1050 steel_- 


® Measurements were made at various lengths of cut on specimens A4 and 


method of calculation. 


| 


= 


| 
} 
| 
| 
j 
| 


in. 

0.019 
. 027 
. 027 
. 004 
. 006 
.011 
. 616 
. 024 
. 034 
. 023 
. 022 
. 022 
. 003 
. 005 
O11 
.017 
. 022 
. 030 
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38, 300 
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33, 100 
32, 900 
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34,700 
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3.—Partial residual stress at end of minor axis of tierods in as-received 
condition, materials A and B 


[Measurements made on specimens machined to half of original thickness] 


| | | | 
aia a F ‘ | | Partial 
| Original | Thickness | Deflection : residual 
Material | thick- | after in 4-in. gage es stress, 
ness | machining| length ese ure) tension 
| (Ss) 


in in. in. 
> - a 0.071 0. 086 | 23. 2 
SAE 1050 steel. f 70 | 088 | 22.7 
4 E 1050 steel 1B i eae ; | . 070 | . 088 | 22.7 | 
| i | | 


lb /8q in 
53, 300 
53, 600 


| 
as AS Seni 





TaBLE 4.—Residual stress at end o, 





: Partial } Partial Residual 
Material } residual residual stress 
stress, S; | stress, S; | S=S,/+8, 


SAE 1050 Steel . a +-45, ¢ +53, 300 +-98, 600 
R +33, 600 | +53, 600 +87, 200 
+49, } +79, 100 +128, 200 
+55, +65, 000 | +120, 100 | 
+78, +75, | +153, 000 | 
+47, +32, 600 | +-80, 000 
+36, +33, 200 | +69, 600 
+45, 2 +58, 600 | +103, 800 | 
+40, } 7a +111, 800 | 
+-42, 2 | 2, 30 +84, 500 | 
+49 ¢ +71, 300 | +121, 200 
4-3: ’ +-104, 900 
+-112, 500 
—19, 400 | 
—4, 500 
—4, 900 
—19, 400 
—8, 700 | 
—7, 400 | 
—3, 600 
K-monel J 7, 4 | +10, 100 +17, 500 
; +12, 900 +23, 700 


+ sign indicates tension. | 
— sign indicates compression. 
* no appreciable deflection. 


With all of the materials except 18-2, 16-1, and K-monel, severe 
cold-working during fabrication was relied upon to produce the high 
physical properties required in tierods. It is understood that these 
materials also received some cold-working during fabrication but were 
heat-treated afterward to obtain the required physical properties. 
It is evident from the measurements made on these specimens that 
the residual stress distribution resulting from heat treatment is just 
the opposite of that obtained from cold-working. Thus, in all the 
18-2 and 16-1 tierods and in the smallest size K-monel tierods, the 
longitudinal stress along a plane containing the minor axis of the cross 
section was found to be compressive instead of tensile. In the two 
larger K-monel tierods, the stress was tensile but was very small 
compared with the values obtained with materials not heat-treated 
after fabrication. No attempt was made to relieve the relatively 
small amount of residual stress in these tierods by further beat treat- 
ment. 
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IV. RELIEF OF RESIDUAL STRESS BY LOW- 
TEMPERATURE HEAT TREATMENT 


It was assumed that, in heating, the two partial residual stresses 
would be relieved in the same proportion. Either of the partia] 
values and the mean value of the nominal residual stresses would. 
then, remain in the same ratio throughout the heat treatment. In 
the tests outlined below, the partial residual stress was determined by 
splitting the ends of specimens with a saw cut. The residual stress 
was then calculated by dividing by the ratio of partial to nominal 
residual stress displayed by each material in the as-received condition. 
This ratio is given in the last column of table 4. 

Specimens of SAE 1050 steel tierod materials A and B were heated 
for periods of 30 minutes and 2 hours at temperatures between 200 
and 900° F. Residual stress measurements for material A are given 
in table 5. These, together with tensile strength, permanent set, 
and elongation in 2 inches, obtained on specimens heated 30 minutes 
at the same temperatures, are shown diagrammatically in figure 3. 
Relief of residual stress was noticeable even at low temperatures. 
The stress fell off abruptly above 200° F, and at 600° F about two- 
thirds of the stress had been relieved. Heating for a longer period 
(2 hours) relieved the stress more effectively, especially at the higher 
temperatures. It is probable, however, that a longer heating period 
would also affect the tensile properties at lower temperatures. 

Heating the SAE 1050 steel tierod specimens for 30 minutes caused 
a marked increase in tensile strength and permanent set values at tem- 
peratures up to 400° F and a rapid decrease above 500° F (fig. 3). 
Owing to the initial increase, these properties did not fall below the 
original values until the temperature exceeded 600° F, at which tem- 
perature most of the residual stress had been relieved. 


TABLE 5.—Effect of temperature and period of heating on relief of residual stress 
in size 3/8B-24 SAE 1050 steel tierod specimens 


{Material A] 








Residual stress after various heating periods, ]b/in.? (tension) 





Heating temperature, °F | 30 minutes 2 hours 





Partial (.S;) Residual (S) Partial (S;) Residual (S) 





(8) (*) 

(4) (*) 

(*) (8) 

28, 400 | 
(*) 

6, 200 

0 


BES 


_BS232282 


As-received __. 
200 


& 


oF SB: 


0 
0 














* No measurements made. 


Examples of residual stress measurements made on 18-8 corrosion- 
resistant tierod specimens are given in table 6. Curves illustrating 
the effect of heat treatment on various sizes of tierods of this material 
are shown in figure 4. Curves of the same general character were 
obtained for like sizes of 18-8 materials containing alloy additions of 
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titanium, columbium, and molybdenum. In general, heating at 
temperatures up to 700° F appeared to have little effect on relief of 
stress. Stress relief was most rapid at temperatures between 800 
and 1,000° F. At 1,000° F most of the residual stress had been 
relieved. 

It was noted that tierods of different sizes varied considerably in 
regard to uniformity of residual stress in the as-received condition. 
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Figure 3..—SAE 1050 steel (material A), effect of heat treatment on physical prop- 
erties and relief of residual stress. 
Heating period, 30 minutes. 


In tierods of intermediate size (4-20) the initial stress was much 
more uniform than in the larger (%-18) or smaller (10-32) sizes. 
Much of the “scatter”? obtained in residual stress measurements 
made with specimens heated at low temperatures was probably due 
to variations of initial stress among different specimens of the same 
material. With size 4-20 specimens the “scatter” was largely elim- 
inated at higher temperatures. The curves showing the heating char- 
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acteristics of the larger or smaller tie-rods were smoothed out, to some 
extent, by plotting the highest values obtained at any given tempera- 
ture for the three heating periods used. This, in effect, increased the 
number of specimens in the low-temperature range. 

Increasing the time of heating increased the amount of stress-relief 
at higher temperatures (800° to 1,000° F) but apparently had little 
effect at temperatures below 700° F (fig. 5). 

The effects of heat treatment on the physical properties of specimens 
of 18-8 material C and on columbium-treated material K were found 
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FIGURE 4.—18-8 (materials C, E, and F), effect of heat treatment on relief of stress 


in tierods of different sizes. 
Heating period, 30 minutes. 


to be quite similar (fig. 6 and 7). Both materials showed a slow and 
comparatively small increase in strength with heating temperature to 
a Maximum at 800° to 900° F. Above these temperatures the rate 
of decrease was slow, so that the tensile strength, yield strength, and 
permanent set were maintained over a considerable range of tempera- 
ture at values in excess of the original. 

With the titanium-treated material H, the increase in strength with 
heating was much greater and occurred over a smaller range of tem- 
perature (fig. 8). At temperatures above 900° F the rate of decrease 
was rapid, but the strength at 1,000° F was still in excess of the original. 
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With all three materials, heating lowered the elongation values jy 
the temperature range of maximum tensile strength. With the titap. 
ium-treated material especially, the elongation at intermediate tem. 
peratures was comparatively low. However, as most of the fractures 
occurred at or near the edge of the grips, the elongation measurements 
must be regarded as representing minimum values. Moreover, in the 
temperature range of most interest to this investigation (above 909° 
F), all three materials showed increased elongation. At 1,000° F. th, 
elongation values were in all cases equal to or greater than the origina] 
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FIGURE 5.— 18-8 (material E), effect of temperature and period of heating on relie/ 
of residual stress. 


The values of “‘yield strength” (offset=0.2 percent) shown in the 
figures were determined from the stress-strain curves. It is defined as 
that stress at which the stress-strain curve is intersected by a line 
which intercepts the axis of the abscissas at 0.2-percent strain and is 
parallel to the slope of the stress-strain curve at the origin. 

The permanent set was determined by measuring the difference 
in strain at a small initial load after loading and unloading to succes- 
sively higher loads until sets of about 0.02 percent were noted. These 
data were referred to zero stress by plotting to a large scale and draw- 
ing a smooth curve through the observed points. 
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Vickers indentation tests were made on specimens of materials E 
and M after heating 30 minutes at temperatures ranging from 300° 
to 1,800° F. The Brinell numbers of these specimens are shown 
diagrammatically in figures 9and 10. These curves display variations 
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FigurE 6.—18-8 (material C), effect of heat treatment on physical properties and 
relief of residual stress. 


Heating period, 30 minutes. 


of identation numbers with temperature similar to those exhibited 
by the tensile-strength curves obtained for similar materials. 

The tensile properties of material M in the as-received condition are 
given in table 7. This table also contains the tensile properties of 
specimens of size %-18 tierods of 18-2, 16-1, and K—monel (materials 
P, 8S, and V) in the as-received condition. 
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Figure 7.—18—8—Cb (material K), effect of heat treatment on physical properties 
and relief of residual stress. 


Heating period, 30 minutes. 


TaBLe 7.—Tensile properties of size %-18 tierod specimens of materials M, P, 8 
and V in the as-received condition. 
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Residual Stress in Streamline Tierods 


Specimens of materials F', H, K, and M were tested, full size, in 
the Izod machine after heating 30 minutes at temperatures ranging 
from 300° to 1,400° F. All specimens of #, K, and MM materials 
merely bent over without breaking. Complete breaks were obtained 
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FigurE 8.—18—8—Ti (material H), effect of heat treatment on physical properties and 
relief of residual stress, 
Heating period, 30 minutes. 


only on specimens of H material heated at 800°, 900°, and 1,000° F. 
Even in these cases the specimens bent considerably before fracture. 
The tup dragged along the specimen, and the values of energy con- 
sumption, therefore, had no significance. The tests indicated, how- 
ever, that heating for 30 minutes at temperatures up to 1,400° F. 
did not produce extreme brittleness in any of these materials. 
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FicurE 9.—18-8 (material E), effect of heat treatment on Brinell number and relief 


of residual stress. 


Heating period, 30 minutes. 
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FigurE 10.—18—8—-Mo (material M), effect of heat treatment on Brinell number and 
relief of stress. 


Heating period, 30 minutes. 


V. DISCUSSION OF RESULTS 


The test results indicate that a large part of the residual stress in 
SAE 1050 steel tierods can be relieved easily by low-temperature 
heat treatment. Heating the specimens for 30 minutes at 600° F, 
for instance, relieved about two-thirds of the stress in the %-24 size 
tierod without lowering the important mechanical properties of the 
material. Since this type of tierod depends for protection upon a 
cadmium coating applied after fabrication, heat treatment would 
have no adverse effect on its corrosion resistance. 

With the stainless steel tierods the effective range of heat-treating 
temperature appears to be very narrow. For a 30-minute heating 
period, substantial relief of stress would require a heating temperature 
of 900° to 1,000° F. The tensile tests indicate that the mechanical 
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properties would not be lowered by heating at either of these tempera- 
tures. The limiting factor in this case probably would be the tempera. 
ture at which precipitation of chromium carbide begins. Suc, 
precipitation in appreciable quantities is usually associated with 
decrease in the corrosion resistance of the material, because the mate. 
rial surrounding the carbide particle becomes deficient in chromium, 

Examination of straight 18-8 stainless steel tierod specimens heate( 
30 minutes at temperatures up to 900° F. showed no changes in mico- 
structure (fig. 11, A). The specimen heated at 1,000° F, however. 
showed considerable carbide precipitation (fig. 11, B). It is probable. 
therefore, that the limiting heating temperature for straight 18-5 
stainless steel would be about 900° F. This treatment would be 
expected to relieve at least 40 percent of the residual stress. This 
might be’of considerable importance where tierods of very high residua| 
stress are concerned. An actual service test has been made on two 
18-8 corrosion-resistant tierods heated 30 minutes at 900° F. Afte: 
800 hours’ flying time in a flying boat, the tierods showed no evidence 
of corrosion and no signs of fatigue cracks or other damage. 

The addition of small amounts of titanium, columbium, or molyb- 
denum to the 18-8 composition tends to increase the corrosion resist- 
ance at higher temperatures [9, 10, 11, 12, 13]. This effect is usually 
attributed, in large measure, to the affinity of these elements for 
carbon. Heating of material containing these elements in sufficient 
quantities causes precipitation of titanium, columbium, or molb- 
denum carbides in preference to chromium carbide. The material 
surrounding the carbide particles, therefore, is not deficient in chro- 
mium and its corrosion resistance is not lowered. It is possible, 
therefore, that a higher heating temperature could be used to relieve 
residual stress in these materials. 

A possible explanation of the residual stress distribution in cold- 
worked tierods may be found in the X-bands often noted during 
metallographic examination of such materials. A typical X-band 
structure in an 18-8 tierod is shown in figure 12. Similar X-bands 
were found in all the severely cold-worked materials examined (ma- 
terials A, B, C, D, E, F, G, H, J, K, and M). Well-defined X-bands 
were also found in K-monel tierods (materials U and V), but none 
were detected in 18-2 or 16-1 tierods, materials O, P, R, and S. It 
is believed that these bands are zones in which the metal has been 
more severely cold-worked during fabrication than in zones outside 
the bands. Evidence based on the microstructure of some of the 
materials and on Vickers indentation tests supports this view. 

The typical microstructure on transverse sections within and out- 
side the X-bands in a specimen of an 18-8 stainless steel tierod is 
shown in figure 13. Comparison of the size of grains in these micro- 
graphs shows that they are smaller and more uniformly deformed 
within the X-band than in areas outside. Vickers indentation tests 
made on a transverse section of a tierod of M material (18-8 Mo 
showed that the metal within the bands was distinctly harder than 
that outside. The average value of readings obtained within the 
bands was 423 (Vn-30). Outside the bands the average value was 
388. 

According to Heyn’s original theory of the origin of residual stresses 
in metals, the more severely cold-worked metal within the X-bands 
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Figure 12.—NX-hands in transverse sections of 18-8 tierods. 
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A, microstructure within X-band; B, microstructure outside X-band. 


Electrolytic etch in 10-percent oxalic acid x 10 
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would tend to be of greater length than the surrounding areas if both 
were unrestrained. Actually, however, under mutual restraint, the 
two areas assume an inte .rmediate len eth, residual compressive stresses 
being set up in the more severely cold- worked areas while areas less 
severely cold-worked are in tension. 

Although K-monel tierods also showed X-bands, the Vickers inden- 
tation number of metal within the bands was not appreciably higher 
than that outside. It is probable that the heat treatment received 
by this material after fabrication caused the hardness to become more 
uniform, even though the material was not completely recrystallized 
to remove all ev idence of cold work. In this connection, it was noted 
that complete recrystallization during annealing of any of the ma- 
terials caused disappearance of the X-bands. 


VI. SUMMARY 


Streamline tierods of various compositions were investigated with 
regard to relief of residual stress by low-temperature heat treatment. 

It was found that about two-thirds of the residual stress in tierods 
of SAE 1050 steel could be relieved by heating them 30 minutes at 
400° F. This treatment did not materially lower the mechanical 
properties of the material. 

Tierods of 18-8 stainless steel or the same with additions of titanium, 
columbium, or molybdenum could be heated at temperatures up to 
1,000° F without seriously lowering the mechanical properties of the 
materials. At this temperature most of the residual stress would 
be relieved. 

Heating tierods of straight 18-8 composition for 30 minutes at 
1,000° F, however, caused precipitation of chromium carbides. The 
limiting temperature for this material, therefore, probably would be 
about 900° F. Heating tierods 30 minutes at this temperature would 
relieve about 40 pere ent of the residual stress. It is possible that tie- 
rods containing additions of titanium, columbium, or molybdenum 
could be heated at higher temperatures, since in these materials the 
carbides of these elements would be precipitated in preference to 
chromium carbide. 

Tierods of 18-2, 16-1, and K-monel, which had been heat-treated 
during fabrication, were found to contain very low residual stress in 
the as-received condition. Further heat treatment for relief of stress 
would not be necessary. 

Microscopic examination and Vickers indentation tests indicated 
that the metal within the X-bands often noted in cold-worked tierods 
had been more severly cold-worked than that outside the bands. It 
is probable that the distribution of residual stresses was influenced by 
these localized differences in amount of cold working. 


The authors acknowledge their indebtedness to D. J. McAdam, Jr., 
ig developed the formulas used in estimating residual! stress; to 

S. Aitchison and R. W. Mebs, who made the ‘tensile tests; and to 
i L. Logan, who performed some of the work on X-bands. 
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MEASUREMENT OF THE FADING RATE OF PAINTS 
By Arnold J. Eickhoff and Richard S. Hunter 


ABSTRACT 


Ability to resist fading is a valued property of most paint and textile materials, 
and therefore improved methods for measuring the course of fading are in demand. 
Two of the important evidences of the fading of paints, namely change of color 
and change of gloss, can be measured rapidly by photoelectric methods developed 
within the past few years. In the present study photoelectric tristimulus meas- 
urements of color change and photoelectric measurements of specular-gloss 
change were used to follow the fading of several paint samples exposed both to 
outdoor weather and to two machine treatments (A and B) designed to weather 
the samples at an accelerated rate. With these measurements it was possible to 
compare numerically the rates of artificial and natural fading of the paints. The 
data which were obtained show: (1) the treatment used in conjunction with ap- 
naratus A caused fading which averaged 20 times as fast as fading outdoors, but 
the speed-up factor varied from roughly 5 times for one paint to roughly 40 times 
for another; (2) the treatment used in conjunction with apparatus B caused fading 
which averaged 5 times as fast as fading outdoors, but the speed-up factor varied 
from roughly 3 times for one paint to roughly 20 times for another; and (8) for 
almost every paint tested, the factor relating the speed of fading from treatment 
in apparatus A to the speed outdoors was more nearly constant through the whole 
fading process than the corresponding factor for treatment in apparatus B. Thus 
treatment A not only faded paints faster, but it provided a preview of the course 
of fading which was usually a better representation of outdoor fading than that 
provided by treatment B. The data collected during the present study are note- 
worthy chiefly for the methods they demonstrate. These should be valuable for 
future studies of the fading of materials and for the examination of methods for 
accelerating fading. 


CONTENTS 
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I. INTRODUCTION 


The ability to maintain their original appearance in spite of ex- 
posure to radiant energy, air, and moisture is a major determinant of 
the value of paints, textiles, and many other manufactured materials. 
With paints, change of color, loss of gloss, and sometimes checking 


773 
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and chalking are the evident results of failure to resist such exposure. 
With many materials which suffer from exposure, change of color js 
the major evidence of failure. Accordingly the term fading is widely 
used to refer only to changes of color resulting from exposure. How- 
ever, the term in the present paper applies to all changes in appearance 
which are caused by exposure. 

The present paper describes an attempt to evaluate quantitatively 
the fading of a number of paints. Although methods for measuring 
changes in color and gloss have been in existance for a number of 
years, these have seldom been used to measure the extent or rate of 
fading. Appel [2]! did use change of the spectral reflectance of 
number of dyed fabrics to evaluate the progress of their fading and to 
compare the rates of fading under different exposure conditions. 
However, the visual method he used was not rapid and the spectral 
curves obtained could not be quickly converted to the magnitudes of 
color change in which the dye technologist is interested. Appel’s 
methods therefore did not come into general use. 

Rapid photoelectric methods for measuring gloss have become avail- 
able during the past several years, and rapid methods for measuring 
surface-color change based on photoelectric instruments have been 
developed quite recently. It appeared to the authors that these meth- 
ods of measurement were potentially valuable for the quantitative 
study of fading. The work reported below was therefore carried out to 
develop and demonstrate the use of photoelectric gloss and color 
measurements for evaluating the amount and character of fading. 
The ability to resist exposure of the particular paints used as examples 
is, in the present paper, a question of secondary interest. 

In the testing of paints, textiles, and other materials which fade, 
widespread use is made not only of outdoor exposures, but of machine 
treatments which produce rapid fading. Each such treatment consists 
in the exposure of test samples to a strong source of radiant energy rich 
in the violet and ultraviolet, and usually to a water spray and to other 
elements designed to subject the specimen in the apparatus to the 
weathering forces ordinarily met in normal use. The value of these 
treatments depends (1) upon their faithfulness for forecasting the 
course of natural fading and (2) upon the rate at which the processes of 
fading are accomplished. The present paper suggests a method by 
which the rate of fading may be numerically evaluated and a method 
by which the faithfulness of prediction may be estimated from the 
numerical data. For a discussion of the problems of making acceler- 
ated-exposure tests and of interpreting their results for various types 
of paint finishes, one may refer to the ASTM Symposium on Correla- 
tion between Accelerated Laboratory Tests and Service Tests of Pro- 
tective and Decorative Coatings [1]. 


II. THE PAINT FINISHES STUDIED 


The fading of eight paint finishes was studied. Six of these finishes 
were prepared from oleoresinous enamels,? chosen because the outdoor 
fading of finishes in this class has proved to be difficult to predict from 
the results of exposures in accelerated-weathering machines. The 


1 Numbers in brackets indicate literature references at the end of this paper. ; 5 
These six enamels were furnished by Subcommittee VII of Committee D-1, American Society for Testing 
Materials, during the course of a comparative study of accelerated weathering in which the National Bureau 
of Standards cooperated. 
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seventh finish was a white-lead, zinc-oxide, linseed-oil mixture tinted 
with reduced para red (paranitraniline red toner precipitated on barium 
sulfate) to produce a paint which was moderate pink * in color. This 

finish was chosen for a trial of the method of measuring fading because 
it was known to rapidly change color on exposure. The eighth paint 

-as composed of chrome ye low and zine oxide in linseed oil and was 
chosen as a typical widely used paint which is highly resistant to fading. 
The daylight apparent reflectance, chromaticity, and specular gloss of 
each of the eight finishes at the start of the test are given in table 2, 
below. 

The six oleoresinous enamels were produced by separately combining 
each of three varnish vehicles (phenolic resin, alkyd resin, and ester- 
cum resin) with two colored pigment mixtures (green and tan). Two 
coats of each of the resulting enaniels were applied to three panels of 
22-cage auto-body steel which had been sanded, washed with toluene, 
immersed in a phosphoric acid pickling solution, rinsed well with water, 
dried, and covered with one coat of a suitable primer. With the para- 
red-linseed-oil paint, three coats were applied directly to edge-grain, 
red-cedar panels; and with the chrome-yellow paint, two coats were 
used on panels cut froin black iron. 


III. EXPOSURE OF THE PANELS 


One of the three panels of each paint was exposed outdoors, one was 
exposed to an accelerated-weathering treatment used in conjunction 
with a device herein designated apparatus A, and the third was ex- 
posed to a somewhat different treatment used in conjunction with a 
second device designated apparatus B. In the text and legends which 
follow, each of the accelerated-weathering treatments is identified with 
the apparatus in which it was carried out. For outdoor exposure, 
the panels were placed in racks facing south at 45° from horizontal on 
the top of a building at the National Bureau of Standards in Wash- 
ington, D. C. The lengths and dates of outdoor exposure were as 
follows: 


i 
: — | Length of 
Paint finish : | Dates of exposure outdoors 
exposure | 


Chrome yellow and zine oxide | 2 years_-_- July 1937 to June 1939. 
in linseed oil. 
White lead, zine oxide in linseed | 38 days__._._| November and December 
oil, tinted with para red. 1939. | 
Six oleoresinous enamels_ - ..-| 1 year__....| March 1939 to February | 
| 1940. | 
| 


Each accelerated-weathering apparatus used a carbon are as a 
source of radiant energy and a water spray which wet the panels at 
regular intervals. Neither was run continuously. Instead, oper- 
ating schedules were arranged which allowed time for the inspection 
and measurement of the panels as well as time for their rest during 

ach week. The operating schedule of each treatment for 1 week is 
shown diagrammatically in figure 1. During the 168 hours of a week, 


* According to the ISCC-NBS system of color names [9]. 
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the panels in apparatus A were subjected to irradiation and inter- 
mittent wetting for 81.5 hours and those in apparatus B for 106.5 
hours. In computing the lengths of exposure below, only the periods 
of actual operation of the apparatus were used. 

The arc and water spray used to accelerate the break-down of paint 
finishes in each apparatus are described in table 1. In each appa- 
ratus a cylinder with panels mounted on the interior wall revolves 
slowly about the carbon-arc lamp in the center. During each rota- 
tion, a panel mounted on the cylinder wall passes the stationary water 
spray located inside the cylinder. 


WEDNESDAY 








B 
FigurE 1.—Operating schedules for apparatus A and apparatus B for 1 week. 


White areas, operation; shaded areas, rest. 


TABLE 1.—Comparison of the carbon arc and water ioe used in each test 








Characteristic | Ap] 2 us | Ay — us 





CARBON ARC 





CS ae eae 2 

Average amperes.............- as 

Average watts____- pos 

Type of glass enclosing arc... 

Distance from arc to panels, cm_-_- 

Average irradiance of panels, w: atts/em? ________- 





WATER SPRAY 





Relative pressure S heais ines 
Interval between successive wettings, min--_--_- 
Duration of each wetting, min_...__----- 





*® Measured by R. Stair, of the National Bureau of Standards. 
» From a report of the Pacini Laboratories dated Feb. 6, 1931. Used by permission of the Atlas Electric 
Devices Co. 
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In figure 2 the spectral energy of the carbon are measured through 
ihe Corex D glass [11] window used in apparatus A and that of the 
average midday sunlight estimated by Moon [10] are plotted as 
functions of wavelength from 200 to 700 my. Unfortunately the 
spectral distribution of the are used in apparatus B was not available 
for comparison in this figure. 

Although the average irradiance of the panels under midday sun 
was probably higher (roughly 0.075 watt/em? is suggested by Moon 
(10]) than that of the panels under either of the arcs, this higher 
irradiance by sunlight lasted only for short periods on each clear day. 
The fading of the paint panels exposed in the two machines was more 
rapid than that of the panels exposed outdoors, for two reasons: (1) the 
flux of the energy incident on the panels was at full density whenever 
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FIGURE 2.—Relative spectral energy of the arc (A)* used in apparatus A and estimated 
average midday sunlight (S) (from Moon [9] using air mass of 2.0). 


the apparatus operated; and (2) the spectral energy of the sources is 
concentrated in the near ultraviolet and short-wave end of the visible 
spectrum which constitute the spectral region known to be chiefly 
responsible for the fading of paints. An additional factor which may 
have contributed materially to the rapid fading of the panels was their 
periodic wetting during irradiation. 


IV. MEASUREMENT OF THE FADING OF THE PAINT 
FINISHES 


The multipurpose reflectometer [4] was used to follow the changes 
of the paint finishes in daylight apparent reflectance, chromaticity, 
and specular gloss. Reduction of these data to give chromaticity 
expressed in the (a, 8)-uniform-chromaticness-scale system has already 


“Curve A is reproduced by permission of the National Carbon Co., Cleveland, Ohio. 
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been described [5, 6, 13]. Amounts of color difference, AE, were 
computed according to the method described by Hunter [6]. 
As the working standard of apparent reflectance and chromaticity. 
a single white ceramic tile was used throughout the project. The 
working standard of specular gloss was a piece of polished black glass, 
Since the errors of measurement were probably of a magnitude which 
is not serious for evaluating fading [6], no attempt was made to 
correct the readings for failure of the source-filter-photocell combina- 
tions to be spectrally equivalent to the ICI standard observer [5, 
p. 71; 6], nor for the scale errors of the instrument [4]. The data 
shown graphically in the following figures represent only those 
measurements deemed necessary to illustrate the methods employed. 
The derived values of daylight apparent reflectance, chromatici ‘ity, 
and specular gloss of each of the finishes before exposure are given in 
table 2. Only the enamels, it will be noted, were measured for 
pos 2 gloss. 


TaBLE 2.—Values indicated by multipurpose-re ange settings of dayl ight 
apparent reflectance, Y; chromaticity, a and p; and 45°-specular gloss, Gays° ); of 
each of the e finishes before —, ; 





| 45°, 0° day- | 5”, , icity Specular 
. 9 | 7 
light apparent — en 
reflectance, Y Ta(4h 


| Per mil 
Chrome yellow and zinc oxide in linseed oil- 3. 0 0. 1060 0. 1150 es 
White lead, zinc oxide in linseed oil, tinted with para 
red 5 ‘ : i 38.6 . 0688 | . 0253 | _. 
Green phenolic enamel yg! . OR82 | . 0739 
Tan phenolic enamel : 24,2 | : 8 | . 0735 
Green alkyd enamel Z : : | 9. . 0936 . 0738 | 
Tan alkyd enamel 23. $ . 0672 . 0746 
Green ester-gum enamel : i 976 . 0759 | 
Tan ester-gum ename! are 23. 5 - 07% . 0739 | 





1. DAYLIGHT APPARENT REFLECTANCE, Y 


Values of 45°,0° daylight apparent reflectance were measured for 
each of the painted panels as they faded. From these measured 
values little was found to indicate the progress of fading and even 
less to indicate the relative rates of fading outdoors and in the appa- 
ratus. The chrome-yellow panels, for which curves of daylight 
apparent reflectance are plotted as a function of hours of exposure in 
figure 3, darkened in a manner which is characteristic of the paint. 
A number of the other paints chalked and thus turned lighter. The 
panels exposed outdoors collected dirt and tended to be darker than 
the corresponding panels exposed in the accelerated-exposure apps- 
ratus. No attempt was made to remove dirt from the panels durmg 
the course of this investigation, and for this reason a number of the 
panels exposed outdoors changed in daylight apparent reflectance 
more rapidly than the panels of the same paints exposed in either 
apparatus. 


2. CHROMATICITY IN THE (a, 8)-COORDINATE SYSTEM 


Loss of saturation (weakening of color) is ordinarily the most 
readily apparent evidence of fading. As would therefore be expected, 
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the measurement of chromaticity yields useful data on the fading of 
most paint finishes. To designate chromaticity, the (a, 8)-coordinate 
system [5, 6,1 3] was chosen ‘because it vields seales for surface colors 
appl oximately uniform in chromaticness. Thus the spacing of the 
polnts In figures 4 through 7 accords fairly well with the perceived 
changes in the chromaticness of the corresponding painted panels. 
The most recent equations [5, 6, 13] for computing a and 6 from 
tristimulus settings had not been chosen at the time the present work 
was started. Instead, an earlier pair of equations [3] was employed: 


2(A—G) 
34-4 -5G T 3 B’ 
a. 2 a 
2A+5G+3B 
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FiauRE 3.—Changes in 45°, O° daylight apparent reflectance of the three chrome- 
yellow panels with length of exposure. 


The use of the old equations, however, does not detract from the value 
of the present work. 

Figures 4 through 7 show the changes in the chromaticity of the 
panels of four of the eight paint finishes studied. Each of the graphs 
encloses that part of the (a, 8)-diagram needed to illustrate the fading 
of the panels represented in it. Loss of saturation is the most obvious 
aspect of the fading of most chromatic objects. On the (a, 8) -diagram, 
loss of saturation is represented by a vector directed toward the origin, 
or neutral (gray, white MgO), point. Because of this correlation, 
Scofield [12] suggested that the ‘“‘percentage fading” of a paint panel 
be designated the percentage decrease of the distance from the origin 
to the point on the (a, 8)-diagram representing the panel. In figures 
4 through 7 the origin s as included in each graph to facilitate esti- 
mates of the Scofied ‘values of ‘‘percentage fading’”’ by visual inspection 
of the graphs. 

455653—42—-8 
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Figure 4.—Changes in the chromaticity of the three tan alkyd-enamel panels. 


Numbers indicate duration of exposure in hours. 
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Ficure 5.—Changes in the chromaticity of the three para-red tinted panels. 
Numbers indicate duration of exposure in hours. 
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The chromaticity changes of only four of the eight paint finishes 
are illustrated because these four adequately demonstrate the types 
of change found during the present investigation. Figure 4, which 
shows the changes in @ and 8 due to exposure of the three tan alkyd- 
enamel panels, illustrates losses in the saturation which are typical 
of the fading of chromatic surfaces. 

A somewhat unusual change of chromaticity during fading is shown 
by figure 5, which is similar to a figure used in a previous paper 
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FiauRE 6.—Changes in the chromaticity of the three chrome-yellow panels. 


Numbers indicate duration of exposure in hours. 


for the same illustrative purpose [5]. Each of the three panels 
coated with para-red tinted paint shifted in hue from moderate pink * 
to weak orange * during the early stages of exposure; this change of 
hue is represented on the (a,8)-diagram by the change in the angle 
between the a-axis and the line passing through the origin and the 
point representing the color of the painted panel. This angle is 
known as the hue angle [6]. During the first few hours, moreover, 
the two panels exposed indoors increased rather than decreased in 
saturation. The initial change in hue was roughly the same for each 


‘ According to the ISCC-NBS system of color names {9]. 
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of the three panels, and after this change, fading proceeded in g 
typical manner. With only short periods of exposure, each of the 
three panels lost almost all saturation. 

Excellent resistance to exposure is indicated in figure 6 by the 
relatively small changes of the chromaticity of the chrome-yellow 
panels. In figure 7 the changes in the chromaticity of the three 
green-phenolic panels are showr. This graph was included because 
it illustrates an instance in which the chromaticity change predicted 
by indoor exposure did not occur outdoors. In both treatments the 
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FicuRE 7.—Changes in the chromaticity of the three green phenolic-enamel panels. 


Numbers indicate duration of exposure in hours. 


panels assumed a yellowish hue in the later course of fading, but the 
panel exposed outdoors merely decreased in saturation without taking 
on the yellowish hue. 


3. AMOUNT OF COLOR CHANGE, AE 


Numbers which closely correspond to perceived amount of surface- 
color change can be computed from photoelectric tristimulus data by 
using the equation for color difference, AE, developed by Judd 7, 8] 
and modified by Hunter [6]. In this equation an apparent-reflectance 
difference and a chromaticity difference are weighted and then com- 
bined to give a measure of the resultant color difference, AE , expressed 
in NBS units of color difference. The AE scale was designed to give 
good accord between computed values and perceived amounts of 
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color difference; it would therefore seem logical to use the NBS unit 
of color difference for the measurement of fading. 

The NBS unit, it may be added, was made so small that differences 
of less than one unit are perceptually unimportant color differences 
for most commercial transactions [7, p. 425]. Measured differences of 
more than one unit, however, represent color differences which are 
usually of commercial significance. 

The fading of each of the panels was measured on the AE scale. 
For each occasion on which a panel was measured, the amount of 
change in the surface color was determined by comparing the initial 
readings with those just obtained. Table 3 illustrates how the values 
of AE were computed from the changing values of apparent reflectance 
and chromaticity of the panels. 


TABLE 3.—Computation of the change from initial color of the tan phenolic panel 
exposed in apparatus A 


Equation for amount of color change, AF[5,6]: 


ak={[ry"" /spag: - o]'+[acryy - 10] }"” 


| Duration of exposure (hours) 


64 | 102 171 


Data a Di 
45°, 0° daylight apparent reflectance (Y) . 2420 | 0. 2380 | 0. 2595 0. 2880 | 0.3180 | 
; ettnticg eewese 0748 |+. 0724 |+.0620 |+. 0504 |+. 0422 | 
Chromatici 2 cae Ti eee A Sh 
warned aes 0735 |+.0737 |+. 0621 |+.0519 |+.0445 | 
Computations of change: } | | | 
Chromaticity change a 


| 

.0024 | .0128 | .0244 | .0326 

.0002 |} .0114 | .0216} .0290 | 
| | | 


Y ; --| .4919 | .4879} .5094 | . 5367] . 5639 | 
7 1 61489 | 5.00 | 5.13 | 5.25 
7Y : (Mean 0 hours & z hours) | 4.90 96 5, 02 

sh —=——— | 
=TY 4 Aat+ag? * 10?._-- £9 1 8.5 116.4 


V‘aa?-+ap? * 10? (dividers) : | 2% J|um [326 | 435 


=A(Y'l*) . 103 : re 10.4 | 4.9 


AE=4/XC?4A1? (dividers) - - .---- li3 | 8.7 17.1 


Figures 8 and 9 show graphically the color changes of two sets of 
panels chosen as typical of the changes in the eight sets studied. 
In these figures, length of exposure is measured on a logarithmic 
scale so that similar patterns of fading—those which differed only 
in the speed of fading—could be readily identified by visual inspec- 
tion. By the similarity of the shapes of the three curves in figure 8, 
it can be deduced that the rates of color change of each of the tan 
phenolic panels exposed in the apparatus foretold the rate of change 
followed more slowly by the third panel outdoors. From the dis- 
similar curves for exposure outdoors and in apparatus B, shown in 
figure 9, it is apparent that the tan ester-gum panel exposed in ap- 
paratus B failed to predict the pattern of color change resulting 
from outdoor exposure. 
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FicgurRE 8.—Amounts of color change of the three tan phenolic-enamel panels with 
length of exposure. 
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FiGuRE 9.— Amounts of color change of the three tan ester-gum-enamel panels with 
length of exposure. 


4. SPECULAR GLOSS, Gs 


Measurement of the loss of specular gloss of an enamel-type paint 
finish provides a sensitive test of the deterioration of the surface. 
Specular reflection occurs at the air-paint interface of a paint film, 
and any mechanical change in the interface therefore affects the 
specular reflection of the film. 

Figures 10 and 11 show graphically the changes of 45° specular 
gloss during exposure of four of these six’sets. The length of exposure 
is measured logarithmically as in figures 3, 8, and 9 so that the pat- 
terns of gloss change, which are similar except for the speed of change, 
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Figure 10.—Changes in the 45°,— 45° specular gloss of the siz phenolic-enamel panels 
with le ngth of exposure. 
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Figure _11.—Changes in the 45°,—45° specular gloss of the siz alkyd-enamel panels 
with length of exposure. 
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may be identified by similarity in the shapes of the curves representing 
them. The patterns of gloss change for each of the phenolic enamels 
were similar, as is shown by the two similarly shaped sets of curves 
in figure 10. With both alkyd-type enamels for which curves are 
plotted in figure 11, however, the patterns of gloss change resulting 
from exposure in apparatus B differed from those for outdoor exposure 
and exposure in apparatus A. 


5. LENGTHS OF EXPOSURE WHICH CAUSE CHALKING AND 
CHECKING 


Checking and chalking are two evidences of paint failure which are 
not measured with an instrument. Instead, the moment of first appear- 
ance of each of these signs of paint-film deterioration is identified by 
visual inspection of the films. In the past, chalking and checking have 
been recorded in almost all studies of paint weathering. Because of 
their use in previous studies, it seemed desirable to record these two 
evidences of weathering in the present study. 

Of the eight paints studied, chalking was observed on seven, but 
checking on only two. The lengths of exposure which produced 
chalking and checking in each apparatus and outdoors are recorded 
in table 4. 


TABLE 4.—Lengths of exposure which produced chalking and checking of the painj 
finishes 


Length of exposure 


Paint finish isin sa — : 
Apparatus 4 Apparatus B | Outdoors 


CHALKING 


THTlours Hours Hours 
272 412 1, 920 


200 


Chrome-yellow paint 
Green phenolic enamel 131 
Tan phenolic enamel 82 
Green alkyd enamel. ; 440 
Tan alkyd enamel..- e ; : 161 | 
Green ester-gum enamel. : 171 
Tan ester-gum enamel_. 


RNs Shp 
bo oo 


CHECKING 


Green ester-gum enamel. - - 
Tan ester-gum enamel 


V. THE “SPEED-UP FACTOR” IN ACCELERATED 
WEATHERING 


The previous section has shown how the progress of fading may be 
evaluated numerically. The present section shows how these numeri- 
cal measures of fading may be used to rate accelerated-weathering 
devices for their ability to speed up fading and for the faithfulness 
with which the progress of fading in them predicts the slower progress 
of fading outdoors. To help evaluate these two desired properties, 
a speed-up factor, /’, is defined: 


al hours’ exposure outdoors 
~ corresponding hours exposure in apparatus 








Measurement of the Fading Rate of Paints 727 
y Rey) 


The magnitude of F is thus the factor by which fading is speeded up. 
Constancy of F through a course of fading indicates the faithfulness 
with which the fast fading in the apparatus predicts the course of 
slow fading outdoors. 
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FiaurE 12.—The speed-up factor, F, for the apparatus exposures of the two linseed- 
oil paint finishes plotted as a function of length of outdoor exposure producing the 
same change. 


Color change, AE; chalking, Cha. 


Values of F were computed from the measurements of color and 
gloss change and from the observed periods of exposure which pro- 
duced chalking and checking. These values of F have been plotted 
according to length of outdoor exposure in eight graphs, figures 12 
through 15. In these graphs, the curves for color change are identified 
by AF, those for specular gloss by G,, the points for chalking by Cha, 
and those for checking by Che. 
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In the eight graphs showing values of F, the height of the points 
indicates speed-up of the apparatus-produced fading, and the degree 
to which the points for one apparatus approach a horizontal arrange- 
ment in a graph indicates the faithfulness with which the course of 
fading of the paint in that apparatus predicted the slower course of 
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Figure 13.—The speed-up factor, F, for the apparatus exposures of the two phenolic- 
enamel paint finishes plotted as a function of length of outdoor exposure producing 
the same changes. 
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fading outdoors. It is evident from inspection of the eight graphs 
that F tends to change with both treatment and type of finish. Thus 
fading in apparatus A averaged about 20 times as fast as fading out- 
doors, but it varied from about 5 times for the chrome yellow (fig. 12) 
to about 40 times for the tan ester-gum enamel (fx. 15). Fading in 
apparatus B averaged about 5 times as fast as fading outdoors, but it 
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varied from about 3 times for chrome yellow to about 20 times for 
the paint tinted with para red (fig. 12). 

Inspection of the eight graphs reveals that the treatment of appa- 
ratus A not only faded the paints faster, but it provided a preview 
of the course of fading which was, in general, a better representation 





ie) 1000 3000 5000 7000 
| 


q LJ U T 


60 GREEN ALKYD ENAMEL 
40 L 


——<4-— APPARATUS 
—=—37t——— APPARATUS 


~ 


L Il 
T 


TAN ALKYD ENAMEL 





Pa’ 
5 8 


uw 
x 
oO 
| 
Oo 
< 
uw 
a. 
-~ 
t 
(=) 
J 
ry) 
a. 
WY 





X Cha 





! 
3000 5000 





HOURS EXPOSURE OUTDOORS 


Figure 14.—The speed-up factor, F, for the apparatus exposures of the two alkyd- 
enamel paint finishes plotted as a function of length of outdoor exposure producing 
the same changes. 


Color change, AE; gloss change, G,; chalking, Cha. 


of outdoor fading than that provided by the treatment of apparatus 
B® However, the faithfulness of prediction, which is identified by 
the constancy of F, is seen by inspection of the eight graphs to vary 
markedly between finishes. The almost horizontal arrangements of 
5 It should be pointed out that the findings of the present study have no necessary connection with the 


relative merits of any accelerated-weathering devices on the market today. Apparatus B was purchased 
15 years ago and is not the model now sold by its manufacturer. 
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the points representing the two linseed-oil paints and the green phe- 
nolic enamel finish in figures 12 and 13, respectively, show fairly good 
predictions of the courses of outdoor fading with each apparatus. 
The points representing the tan phenolic enamel in figure 13 form 
somewhat less satisfactory approaches to the desired two horizontal 
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Ficure 15.—The speed-up factor, F, for the apparatus exposures of the two ester- 
gum-enamel paint finishes plotted as a function of length of outdoor exposure pro- 
ducing the same changes. 


Color change, AE; gloss change, G,; chalking, Cha; checking, Che. 


arrangements, but they indicate more nearly constant values of F 
than do most of the values shown in the remaining four graphs. 
The treatment in apparatus A was much superior to that in appa- 
ratus B for predicting the courses of fading of the two alkyd enamels 
(fig. 14), even though the values of F computed from amounts of 
color change for the first 2,000 hours of outdoor exposure of the tan- 
colored enamel were inconstant. For the two phenolic enamels for 
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which values of F are represented in figure 15, neither of the accel- 
erated exposures predicted reliably the changes resulting from outdoor 
exposure; however, apparatus A was again somewhat superior to 
apparatus B. Table 5 gives the range of values of F found for each 
apparatus, for each paint finish, and for each of the types of change 
studied. There are also in this table a number of average values of 
F estimated from inspections of the graphs, figures 12 through 15. 


TABLE 5.—Limits of the values of F, the speed-up factor, for each treatment and for 
each of the finishes studied—from measurements of AE, amount of color change; 
G,, specular gloss; Cha, initial chalking; Che, initial checking; and from all four 
causes 

{In addition, estimated averages of F were obtained by inspection of figures 12 through 15] 








| 
Limits of values of F for treat- | Esti- | Limits of values of F for treat- | Esti- 
ment in apparatus A, derived | mat- ment in apparatus B, derived| mat- 
from values of— ed from values of — ed 
= APES = I ec ____| aver- 
| | age 
| All F 
| 


Paint finish 


| age a 
AE Ga, Cha | Che} All F AE G, Cha Che | 


| 
7\ 


| 
| 


Chrome yellow, zinc ox- | 4to 5)... 7 4to 7 5} 3} 5} -| 3to 5] 
ide, linseed oil. | | | | | | | 
Para red, linseed oil_~-._|19 to 33}____- <wkolonns=(ke eee | 10 to 17) 
Phenolic resin, green ----}14 to 18)13 to 15) 7|-----|18 to 18} 5} 3to 5) 4to 5 | 3to 5) 
Phenolic resin, tan | | |-----|12 to 39| 25) 4to 9) 3to 6 .| 3to 9 
Alkyd resin, green... -. -|17 to 24/20 to 26 |-----|10 to 26) 2to 9) 2to30 ..| 2to 30 
Alkyd resin, tan._--.-..| 3t034/24to0 26) 27/__.._| 3to 34 25) 1to 6) 2 to 60) .-.| 1to 60 
Ester-gum resin, green..| 9 to 24/13 to 24 3 9} 9 to 24 5) 1to 13) 4to 5) 2) 1to13 
Ester-gum resin, tan----/30 to 65/13 to 31 8| 8 to 65 30} 1 to 33) 7 to 23) 5| 5 to 33 
| | | | | 
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Of possible interest here because of the different type of finish 
involved are some comparisons which were recently made between 
the periods of outdoor and apparatus exposures causing the failure 
of varnish films. Panels representing each of 16 oleoresinous var- 
nishes were exposed outdoors and in each apparatus. The lengths of 
exposure which caused the first visible checking and then the checking 
which completely covered each panel were noted. The values of F 
computed from these observed lengths of exposure of the 16 varnish 
films are of the same order of magnitude as the values given in table 5: 








| F—appara- | F—appara- 
| tus A 
| 





First visible surface checking of 16 varnish films _ - 6 to 17 
Checking which covered panels of 16 varnish films 8 to 16 





Since the present paper has been prepared chiefly to describe and 
demonstrate a method of evaluating fading, a detailed discussion of 
the factors in the accelerated exposures which were responsible for 
some of the unsatisfactory forecasts of natural fading is outside its 
scope. However, one of the factors causing poor prediction was prob- 
ably the formation of chalk on the panel surfaces and the varying 
degrees to which it was removed by hard rains, wind, and dust erosion 
outdoors and by the rather vigorous spray used in one apparatus. 

A note on the possible improvement of the exposure cycles used in 
the accelerating apparatus may be of interest. Paint finishes exposed 
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outdoors in Washington, D. C., are periodically subjected to freezing 
temperatures and also to long periods of wetting. To simulate the 
effects of these periods, it is suggested that the panels be periodically 
removed from the accelerating apparatus, soaked in ice water for about 
2 hours, and refrigerated for 2 or 3 hours at approximately —15° C 
Preliminary trials with soaking and freezing once or twice a week jn 
addition to ordinary exposure in the accelerating apparatus have 
shown considerable promise. 

Furthermore, inconstancy of the values of F should not be blamed 
altogether on the accelerated-exposure treatments. Outdoor weather 
varies markedly in its effect on paint finishes with place and direction 
of exposure, and with time of year. There is no standard outdoor 
weather, and a paint for general use must therefore be formulated to 
withstand strong irradiation from the sun at some places and times, 
intense cold at others, and strongly corrosive fumes at still others, 
The present tests relate only to the outdoor exposure of panels facing 
45° south on the roof of a building at the National Bureau of Stand- 
ards. Comparisons of the results of the present accelerated exposures 
with other outdoor exposures might result in the finding of wholly 
different values of F and wholly different degrees of faithfulness of 
predictions. 

VI. CONCLUSIONS 


Methods of measuring and numerically specifying color change and 
gloss change have greatly improved within the past few years. The 
use of these methods to evaluate the fading of a material is now a 
much less tedious process than it would have been several years ago. 
The present paper has demonstrated how measurements made with 
certain instruments may be used to describe numerically the fading 
of a number of paint finishes and to compare numerically the fading 
of these finishes outdoors with that resulting from two treatments 
designed to produce this fading at a faster rate. 

From these measurements it is possible to obtain a better picture 
of the progress of fading than has heretofore been available. Nu- 
merical studies of the type reported should be valuable aids to tech- 
nologists seeking to improve the resistance of textiles and paint 
finishes to weathering. By comparing the progress of fading in accel- 
erated tests and fading outdoors in the manner suggested, it should 
be possible to develop treatments for fading which give both greater 
speed of fading and improved accuracy for predicting the slower 
courses of outdoor fading. Improved accelerated-weathering appara- 
tus will further help technologists in their attempts to improve the 
resistance of materials to weather. 
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DETERMINATION OF CARBON AND HYDROGEN IN 
BONE BLACK AND OTHER CHARS! 


By Victor R. Deitz and Leland F. Gleysteen ? 


ABSTRACT 


The carbon and hydrogen contents of samples of bone chars, charcoals, and 
cetable carbons are determined by combustion in oxygen, the resultant carbon 
ijioxide and water being weighed. ‘The procedure for the handling of such highly 
adsorptive substances is set forth with a description of the necessary apparatus. 
A simple procedure is adopted to bring each sample for analysis to a constant 
weight. ‘This consists in exposure of the sample to air saturated with water in an 
xsieeator for 18 hours, and subsequent heating in a helium atmosphere at 105° C 
18 hours. In the determination of the carbon, corrections are made for the 
irbonate remaining in the ash from the combustion and for the carbonate and the 
rbed carbon dioxide contained in the original sample. The results are 
ibulated to give these separate contributions to the total carbon. A comparison 
s made with results for the same materials obtained by the determination of the 


s upon ignition of the acid-washed residue of each sample. 
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I. INTRODUCTION 


The work described in this paper is part of a research project under- 
taken at the National Bureau of Standards by the United States 
Cane Sugar Refiners and the Bone Char Manufacturers to study the 
physical and chemical properties of bone char and a variety of other 
carbon-containing adsorbents used in the sugar industry. The ability 
of such materials to adsorb large quantities of gases and to remove 
colored substances from solution indicates that carbon itself may be 
the principal seat of the adsorptive capacity. Among the carbon- 
containing substances available to industry the carbon content 
varies from approximately 5 percent in some bone blacks to 90 percent 
in some vegetable and other activated carbons. It is believed that 

part of the material in this paper was presented before the Division of Sugar Chemistry and Tech- 
nology of the American Chemical Society at the Atlantic City meeting in September 1941. 

? Research Associates at the National Bureau of Standards, representing the United States Cane Suyar 

tefiners and Bone Char Manufacturers. 
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two general factors determine the extent of adsorption or “activity,” 
namely (1) the quantity of carbon present, and (2) the specific surface 
and the physical state of the carbon surface. It is, therefore, impor. 
tant to have accurate data on the percentage of carbon of the chars 
which have been assembled for extensive study. 

Two methods are available for the determination of carbon: (1) 
The sample may be burned in an atmosphere of oxygen and the re- 
sultant carbon dioxide weighed; (2) the carbonaceous residue remain- 
ing after extraction with hydrochloric acid may be weighed and then 
ignited in a tared crucible. The loss in weight upon ignition has beep 
considered to be equivalent to the weight of carbon in the sample, 
The former method is more fundamental and is required for accurate 
work in view of the known presence of sulfur, nitrogen, hydrogen, 
and oxygen compounds with carbon in the original sample. 

A search of the literature has failed to disclose any report of the 
determination of the carbon content of bone chars by combustion of 
the sample in oxygen and the determination of the resultant carbon 
dioxide. This method has, however, been used for the analysis of 
vegetable charcoals by Barker [1] * and for the analysis of coal and 
coke by the Bureau of Mines [2]. Many of the chars, especially bone 
chars, contain quantities of ash, which may introduce errors by com- 
bining with carbon dioxide to form carbonates. Moreover, there are 
both adsorbed carbon dioxide and carbonates in the original sample 
which must be determined. It.is therefore, necessary to perform 
auxiliary analyses to correct for these effects. 

This paper presents representative data obtained by both the 
‘“‘Combustion in Oxygen’’ and the ‘Loss upon Ignition”’ methods, the 
latter being the one in common use in sugar refinery laboratories. 
The results for 19 samples are included, namely 8 bone chars, 2 char- 
coals, 7 vegetable carbons, a sample of spectroscopic graphite, and a 
sample of petroleum coke. 


II. PREPARATION OF THE SAMPLE FOR ANALYSIS 
1. SAMPLING 


The samples for analysis are from materials which can hardly be 
considered to be of uniform composition. In addition to the hetero- 
geneity of the original natural sources, there are heterogeneities in- 
duced by possible nonuniform treatment in their manufacture. Where 
necessary, all the samples received from the manufacturer or the 
refinery were ground in a glazed-porcelain ball mill. One-inch peb- 
bles of quartz were used to grind the softer vegetable carbons, steel 
balls to grind the bone chars. The portions held by a 35-mesh screen 
were reground and the “fines” passed by an 80-mesh screen were 
discarded, thus eliminating dust and possible foreign material. Each 
of these samples was thoroughly mixed on a large cloth by “rolling” 
the material from one corner to another several hundred times. They 
were then stored in narrow-necked, 2-gallon bottles and securely 
stoppered. These samples were used for the present experiments 
and are to be used for future investigations. All the results apply to 
these stored samples, thus eliminating any complications which might 
be attributed to a segregation of the material due to selective crushing 


3’ Numbers in brackets indicate the literature references at the end of this paper. 
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of some of the constitue nts finer than others which could have occurred 
in the grinding and sieving operations [11]. Granular material is pre- 
ferred for the stored samples, because finer material would be unde- 
sirable in certain projected experiments, and, moreover, because 
granular material can always be reduced to any particle size desired. 

For the present investigation, samples were desired which were 
more finely ground than the 35- to 80-mesh materials. Therefore, 
100 g of eac h of the stored samples was ground in an agate mortar to 
pass an S0-mesh screen. All of this material was retained, thus 
reducing the danger of nonrepresentative sampling. A sample of 
about 0.2 g of the finely ground material was taken for each analysis. 


2. HANDLING OF THE SAMPLE 


It is obviously necessary that the weight of the samples taken for 
analysis shall be referred to some state which is reproducible. This 


TABLE 1. ‘Comparison of drying methods 


I. Drying in air at 150° C 


| Grams 
Initial weight of sample 3. 1107 
Total loss in weight after: 
1 day see 0. 1007 
2 days . 1067 
3 days-__. . 1096 
5 days....- . 1118 
7 days...-. ; . 1153 


II. Char moistened and dried in helium at 105° C 


Initial weight of sample _ _- : ; . 22634 
Total loss in weight after: | 
1 day. _ -.--| .00462 
2 days , | .00458 
3 days... . 00464 
4 days_-- : , . 00464 











requirement is difficult to meet with a highly adsorbent material like 
charcoal. It is not possible to bring these samples to constant weight 
by heating them in an air oven at temperatures from 105° to 150° C 
for periods from a day to a week, as may be seen from the data in 
part I of table 1. Stanton, Fieldner, and Selvig [2] state that 1 hour 
ina current of dry air at 105° C suffices in the analysis of coal and coke. 
Barker [1] dried samples of charcoal in dry nitrogen at 150° C for 2 
hours and then in a vacuum at 300° C for 2 hours, the vacuum being 
obtained with a rotary oil pump. The dry sample was then removed 
and placed in a stoppered bottle, weighed, and again transferred to 
the combustion tube. In the evacuation step the danger of losing 
the finer dust particles is a serious complication for powdered materials. 

It has been found possible in this work to obtain reproducible con- 
ditions by the followmg procedure: The char sample, contained in a 
platinum boat, is first place d in a closed container in contact with an 
atmosphere saturated with water vapor for about 18 hours. When 
subsequently dried in a stream of purified helium at 105° C (fig. 1), a 
constant weight is attained in a single day. This behavior is illus- 
trated by the data in part ITI of table 1, which is typical for the sub- 
stances investigated. 
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FIGURE 1.—Apparatus for drying chars to a constant and reproducible weight. 


4, helium tank; B, purifying adsorbents; C, reflux drying oven; D, ground joint to fit weighing 


A plausible expl: reagent of the behavior may be found in the charac- 
teristics of the water-adsorption isotherm on charcoals. It has been 
shown by many investigators, for example by Coolidge [3], that the 
adsorption isotherms of water are strongly convex to the pressure 
axis. Therefore, while the first exposure to saturated water vapor 
results in the displacement of foreign gases from the surface, the sub- 
sequent exposure to the stream of dry helium at 105° C removes this 
water, and from the nature of the adsorption isotherm this removal is, 
for practical purposes, reproducible. It may be pointed out that no 
significant variation was found in the data for hydrogen content. 

Several experiments were performed in which the sample was 
saturated with ethyl alcohol vapor and subsequently placed in a 
— of dry helium at 105° C. The alcohol is not completely 
desorbed, as shown by the increased weight of the sample over that 
obtained by the water-vapor procedure, and as shown by the higher 
carbon content found upon combustion of such treated samples. 
This behavior may be expected in view of the fact that the adsorption 
isotherms of alcohol on chars are strongly concave to the pressur 
axis and, therefore, appreciable amounts may be retained at relative- 
ly*low partial pressures of the ethyl alcohol. 


III. METHOD A: COMBUSTION IN OXYGEN 


Samples which have been dried to constant weight with such 
difficulty must evidently be weighed and handled under conditions 
which will prevent the readsorption of water vapor and carbon dioxide 
and of other adsorbable vapors which may be in the air of the labora- 
tory. This has been realized with the use of a special weighing bottle 
illustrated in figure 2. Since the success of the determination depends 
on certain details, the procedure is outlined below. 


1. APPARATUS 


The apparatus used to burn the samples was patterned after that 
described by Wing [4] and by Washburn, Bruun, and Hicks [5] and is 
illustrated diagrammatically in figure 3._The oxygen was purified by 
passing it first through a preheater packed with copper oxide mait- 
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tained at a temperature higher than that of the combustion tube 
proper, and then through absorption tubes containing Ascarite to 
remove carbon dioxide and phosphorus pentoxide to remove water 
vapor. 
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—Special weighing tube for handling adsorbent materials. 


A, ground joint to fit both combustion tube and drying oven. 


The entrance to the quartz combustion tube (A, fig. 3) was closed 
by a Pyrex cap ground to fit tightly without a lubricant. By warming 
with the hand it expanded sufficiently to be removed. The oxygen 
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Fiaure 3.—Apparatus for analysis of chars by combustion in oxygen. 


A, ground joint to fit weighing tube. 


and the products of the combustion pass through the exit end via a 
quartz-to-Pyrex seal and then through a bed of lead peroxide [6] on 
asbestos which is maintained at 175° C by a Pyrex jacket containing 
refluxing p-cymene, as shown. The function of the lead peroxide is 
to remove the oxides of nitrogen and of sulfur which would otherwise 





800 /ournal of Research of the National Bureau of Standards 


introduce error by virtue of their retention by the Ascarite in the tared 
absorption tube for carbon dioxide. The absorption tubes were 
connected to the apparatus by means of interchangeable ground-glasgs 
joints and were packed as follows: First, magnesium perchlorate to 
retain the water vapor, and second, Ascarite followed by magnesium 
perchlorate to retain the carbon dioxide and water of neutralization, 
The ground joints of the absorption tubes were greased, and con- 
sequently, for each weighing the grease was removed with cotton 
swabs moistened with benzene. The tubes were then wiped with a 
cloth moistened with alcohol and weighed against a counterpoise of 
equivalent glass surface and volume. 


2. PROCEDURE 


A sample of 0.2 to 0.3 g of char is saturated with water vapor and 
allowed to dry in the stream of helium, as already described. One 
end of the weighing tube is closed by the larger ground joint which 
fits both the drying apparatus and the entrance joint on the quartz 
combustion tube. There are two stages to the transfer of the sample: 
(1) The loaded platinum boat is removed from the drying oven to 
be weighed, and (2) the boat is then transferred into the combustion 
tube. The final procedure adopted for these operations is as follows: 
The stopcock of the weighing tube is opened to a gentle stream of 
air purified by passage over Ascarite and magnesium perchlorate. 
The larger ground joint is then removed and the tube is attached to 
the drying oven (fig. 1). The stream of dry air from the tube and 
the stream of helium through the drier protect the sample during this 
operation. After removing the small ground cap, the boat is pulled 
into the weighing tube. The tube is detached from the drying oven 
and one cap tightly seated; the other cap is placed loosely in position 
while the boat is allowed to cool in the atmosphere of purified air for 
15 minutes. The stopcock on the tube is closed and the remaining 
cap tightly seated. The air tube is disconnected and the weighing 
tube wiped with a linen cloth moistened with alcohol. It is weighed 
onan analytical balance to a constancy of +0.05mg. With the purified 
air again flowing, the larger cap is removed and the weighing tube is 
attached to the combustion tube at point A, figure 3. The stream of 
purified air and the stream of purified oxygen protect the sample 
during this operation. After removal of the smaller ground cap, 
the platinum boat is pushed into position within the combustion 
tube. The weighing tube is then removed. A plug of copper oxide 
is placed in position behind the boat, and the Pyrex cap of the com- 
bustion tube is placed in position. The sample is now burned in 
the usual manner. The duration of the experiment is about 20 hours, 
this being ample time to sweep the carbon dioxide and water vapor 
through the apparatus. 


3. DETERMINATION OF CARBON DIOXIDE IN THE ASH FROM 
COMBUSTION AND IN THE ORIGINAL SUBSTANCE 


An alkaline ash remaining after the combustion of the sample, 
may retain a part of the evolved carbon dioxide in combination as 
carbonate. Hence, it is necessary to determine this carbon dioxide 
and to add it to the weight of carbon dioxide obtained by combustion. 
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Also, the original char samples may contain some carbonate and pos- 
sibly small quantities of firmly adsorbed carbon dioxide, which have 
already been included in the data from the combustion and from the 
ash analysis. Therefore, the ash from each combustion analysis and 
representative samples of the original char, prepared and dried in 
exactly the same manner as the samples for combustion, are analyzed 
for carbon dioxide by the following procedure. 

The usual method [7] was used to determine the carbonate and the 
adsorbed carbon dioxide, namely, the evolution of carbon dioxide by 
the action of boiling dilute hydrochloric acid on the sample. In the 
case of this determination for the original substance, special precau- 
tions must be observed to prevent other evolved gases of acidic 
reaction, as well as water vapor, from reaching the absorption tube. 
The apparatus is illustrated by the diagram in figure 4. 




















FiaurE 4.—Apparatus for determination of carbon dioxide in adsorbent materials. 


A, nitrogen tank; B, soda-lime tube; C, Erlenmeyer flask with interchangeable ground joint; D, bubbler 
tube containing silver sulfate in sulfuric acid; HZ, bubbler tube containing chromic oxide in sulfuric acid; 
F, anhydrous copper sulfate on pumice stone; G, magnesium perchlorate drier; H, Ascarite and magnesium 
perchlorate for absorption of carbon dioxide. 


The sample contained in the platinum boat was quickly transferred 
into a dry Erlenmeyer flask, which was immediately attached to the 
apparatus at the interchangeable joint, C. The apparatus was swept 
out for 5 minutes; then the sample was covered with distilled water, 
the acid added slowly, and the contents gradually brought to boiling 
temperature. The gas stream passed through the water-jacketed 
condenser and then bubbled through a solution of silver sulfate in 1:1 
sulfuric acid, thence through chromic acid in sulfuric acid, anhydrous 
copper sulfate on pumice stone, and magnesium perchlorate, as shown 
in figure 4. The carbon dioxide was retained in a tared tube filled 
with Ascarite followed by magnesium perchlorate. The bubbler 
tubes were of the special design described by Branham and Sperling 
[8]. The apparatus was swept out with nitrogen for 30 minutes, the 
absorption tube was detached, wiped, and weighed to a constancy 
‘oon mg against a counterpoise of equivalent glass surface and 
volume, 
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It was found that the use of air as the sweeping gas led to high 
blanks with the sample present in runs in which boiling water was used 
in place of the hydrochloric acid; the use of oxygen as the sweeping 
gas led to still higher blanks. However, water-pumped tank nitrogen 
eliminated this effect. It is not known just how extensive this slow 
oxidation of the sample might be in the presence of the hydrochloric 
acid when the sweeping gas contains oxygen. Experiments of Ridea] 
and Wright [9] would indicate a poisoning effect of the hydrochloric 
acid operating to arrest auto-oxidation. 

Considerable difficulty was at first experienced in obtaining con- 
cordant data by the above procedure. The three changes which 
furnished reproducible data were: (1) Substitution of nitrogen for air 
as the medium to sweep the evolved gases through the train; (2) both 
silver sulfate in concentrated sulfuric acid and anhydrous copper sul- 
fate on pumice, in that order, to remove traces of hydrochloric acid 
and hydrogen sulfide; and (3) chromic acid in concentrated sulfuric 
acid to oxidize any trace of sulfur dioxide to sulfur trioxide, with its 
subsequent retention. The importance of each of these factors was 
not separately investigated. 


IV. METHOD B: LOSS UPON IGNITION 


The usual technical method for the analysis of carbon in bone char 
is based upon the ignition in air of the residue after extraction with 
hydrochloric acid. The procedure followed in these experiments was 
that given in the Spencer-Meade Handbook [10]. The finely ground 
sample was boiled for half an hour with an excess of 1:5 hydrochloric 
acid; it was then filtered through a tared platinum Gooch crucible and 
washed until vo test for chlorides was obtained. The crucible and 
contents were dried at 110° to 120° C overnight and ignited to con- 
stant weight over a Meker burner. The loss on ignition multiplied 
by 100 and divided by the weight of the sample is taken as the per- 
centage of carbon in the sample. The results are tabulated in the 
next section. 


V. DISCUSSION OF RESULTS 


The results of the analyses of several different chars of divers: 
physical and chemical characteristics are given in table 2. 

Extensive data on the carbon and hydrogen content of bone chars 
and other carbonaceous adsorbents are of interest primarily with 
reference to studies of the properties of the various chars. It was 
therefore deemed advisable to present here only certain representative 
data which indicate the compatibility of the two methods of analysis 
and the precision obtained. 

Column 1 gives the identification numbers of the samples; column 
2, the type of char or carbon; columns 3 to 10, inclusive, data from the 
analyses, expressed as percentages by weight of the original sample, 
column 3 giving the hydrogen content; the data in the remaining 
columns are as follows: 4, carbon from combustion analysis; 5, carbon 
in the carbonate of the ash; 6, carbon in the carbonate and adsorbed 
carbon dioxide of the original sample; 7, combustible carbon, i. e., 
4 plus 5 minus average of 6; 8 and 9, the averaged corrected carbon 
values and the averaged hydrogen values, respectively; 10, the sum 
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of combustible carbon and hydrogen, i. e., 8 plus 9; 11, the percent- 
ages of carbon as determined by the loss of weight upon the ignition 
of the acid-extracted residue; 12, the percentage deviation of the loss- 
upon-ignition method from the sum of the corrected carbon and 
hydrogen contents. These last columns are calculated from the mean 
of the two or more determinations for each sample. 


tion method 


Devi- 
ation 
from 
aver- 


Type of carbon ® |a|C | 

} as |asCO, 

CO; | in orig- 
in inal 

ash char | 


No. 


| | 
com- 

| bus- | 

} tion 


Sample 


or or + | , | or 
5| 94.10; 0.13 2: Ta hae Piaget” 
Coconut shell charcoal.-.-----|} "gq! 93.64!  . 20 “18 (93.88) 0.63} 94. 51)) 
| 6.99) .29 , } f 
New bone char-.-.- SS epee rs iaire. 3. 52 . 63 3. 08) ¢ 6. 1 . 39 51 \ 
5. 53 5 | 
. 24 


; . a5} 

Service bone char------- 4 25) 7.26} 
7.33 

7. 28) 

7 . 85 . 34) 
Vegetable carbon--- , 39| 
9. 69) 

ee eee == 89.19 


‘ 52) 71.99 - OF ‘ ) 
Activated carbon elt as ‘= i "10! 71. 84/f 1.¢ 


89. 60 


Spectroscopic-grade graphite -| - 99.99) . , 99. 99 
2.91) 36 5 

Service bone char = " 98 er 
. « " o} 

2. 84 

. 74 

75 

. 47 

Spent bone char--- .\j .20) 3.49 


WWRAA®NNNL 


' 


Petroleum coke 


Service bone char 


3 or en on 


Spent bone char 


New bone char 


Nw ro oro or 


Woorr 
‘ ae 


Coconut shell charcoal 


Activated carbon 


GOL6 sas . . ae 93. 
° 62 

. 51) 62. 56 

2.29) 82. 94 

. 25; 82.90 


0® All 21 samples are products with different origins. 


The net result given in column 7 is the quantity of combustible 
carbon. This would include the carbon content of any hydrocarbons 
as well as the elemental carbon. In the present research no attempt 
has been made to discriminate between the content of elemental car- 
bon and of carbon in oxidizable states of combination, except insofar 
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as the hydrogen content may serve as a rough indication of the possj- 
ble content of hydrocarbons. 

It is evident from the data in table 2 that the precision of the com- 
bustion data is not as good as that of the data obtained from the loss 
upon ignition. This situation may arise, in part, from possible errors 
in the auxiliary analyses for carbonates, which are necessary in the 
former method. The loss upon ignition would indicate a larger quan- 
tity of carbon than that determined from the weight of carbon dioxide 
obtained in the combustion analysis. This is to be expected because 
of the volatile hydrogen, oxygen, nitrogen, and sulfur compounds of 
earbon which remain insoluble in the hydrochloric acid treatment, 
It will be noted that the differences between the two methods of 
analysis are smaller for spent chars, which would be likely to contain 
less volatile matter, than is the case for new chars. 

In the loss-by-ignition method incomplete combustion is guarded 
against by igniting the platinum crucible and contents to constant 
weight. In the combustion method incomplete combustion could 
have been detected by an examination of the ash. Moreover, because 
of variations in the time and temperature of burning the sample, the 
data in column 4 for duplicate analyses would have been more erratic 
had the combustions been incomplete. The analysis of spectro- 
scopically pure graphite shows that all the carbon of the sample is 
accounted for in the increase in weight of the carbon dioxide absorp- 
tion tube, in spite of the well-known fact that graphite is difficult to 
burn quantitatively. Blank determinations were, of course, frequently 
made and were found to be of the order of magnitude of —0.1 to 
+0.3 mg in the weight of the Ascarite tube. 

From an examination of table 2 it may be seen that the influence 
of possible water left in the drying procedure is not as large a dis- 
turbing influence as might be expected. Ifthe samples for combustion 
contained varying amounts of residual moisture, that with the greatest 
hydrogen content should have the least carbon content. However, 
this is not generally the case. The carbon dioxide content of the 
original sample is more reproducible than might be expected. How- 
ever, since the same procedure was used for both the ash analysis 
and for the original sample, the operating errors common to both of 
these auxiliary analyses will partially cancel each other. 

A consideration of the differences in the results obtained by the 
combustion-in-oxygen and in the loss-upon-ignition methods shows 
that the latter is more likely to be subject to serious systematic errors 
and that these errors would cause the analysis for carbon to be exces- 
sively high. The combustion analyses, being less subject to systematic 
errors, present advantages that entirely outweigh the relative differ- 
ences in the precision of the determinations. Although the data 
obtained by the combustion method are to be preferred for use in 
research work and in other cases where accuracy is required, it should 
be pointed out that the data obtained by the loss-upon-ignition 
method are undoubtedly adequate for control purposes in the general 
routine of a sugar refinery laboratory. This is especially true if com- 
parisons are to be made among service chars only or among new chars 
only. 
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Attention is invited to a series of publications which is being prepared by the 
Project for the Computation of Mathematical Tables conducted by the Federal 
Works Agency, Work Projects Administration for the City of New York 
under the sponsorship of the National Bureau of Standards. 

To date, eleven tables have been made available through the National Bureau 
of Standards. These are listed below: 


MT1. Taste oF THE First Ten Powers or THE Intecers From 1 To 1000: 


(1938) VIII+ 80 pages; heavy paper cover. 50 cents. 


MT2. TABLES OF THE ExPONENTIAL FUNCTION €?: 


The ranges and intervals of the argument and the number of decimal places in the entries 
are given below: 
Range of x Interval of x Decimals given 


— 2.5000 to 1.0000 0.0001 18 
1.0000 to 2.5000 0001 15 
2.500 to 5.000 . 001 15 
5.00 to 10.0 01 12 


(1939) XV+-535 pages; bound in buckram, $2.00. 


MT3. Tastes oF CrRCULAR AND Hypersotic Sines AND Cosmnes FOR RADIAN ARGUMENTS: 
Contains 9 decimal place values of sin x, cos x, sinh x and cosh x for x (in radians) ranging from 
0 to 2 at intervals of 0.0001. 
1939) XVII+-405 pages; bound in buckram, $2.00. 
MT4. Tastes or Srves AND Cosrngs FoR RADIAN ARGUMENTS: 
Contains 8 decimal place values of sines and cosines for radian arguments ranging from 0 to 25 
at intervals of 0.001. 
(1940) XXIX+-275 pages; bound in buckram, $2.00. 
MTS. Tasies or Sinz, Costne, AND ExponenTIAL INTEGRALS, VOLUME I: 
Values of these functions to 9 places of decimals from 0 to 2 at intervals of 0.0001. 
(1940) XXVI+-444 pages; bound in buckram, $2.00. 
MT6, Tastes or Sinz, Cosine, AND ExponenTIAL INTEGRALS, Votume II: 
Values of these functions to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0.001. 
with auxiliary tables. 
(1940) XXX VII-+-225 pages; bound in buckram, $2.00. 
MT?7. Taste or Naturat Locarirums, Votume I: 
Logarithms of the integers from 1 to 50,000 to 16 places of decimals. 
(1941) XVIII+ 501 pages; bound in buckram, $2.00. 
MT8. Tastes or Prosasmry Functions, Votume I: 


Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and 1 
to 5.6 at intervals of 0.001. 
(1941) XX VIII+-302 pages; bound in buckram, $2.00. 
MT9. Taste or Natrurat Locarrrums, Voiume II: 


Logarithms of the integers from 50,000 to 100,000 to 16 places of decimals. 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 
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MTI10. Taste or Naturat Locarirums, Votume III: 


Logarithms of the decimal numbers from 0.0001 to 5.0000, to 16 places of decimals, 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 


MT11. Tasies or THE Moments or InerTIA AND Section Mopuut or Orpmary Angus 
CHANNELS, AND Bucs ANGLES wITH CERTAIN PLATE ComBINATIONS. ‘ 


(1941) XIII+-197 pages; bound in green cloth. $1.25. 


Payment is required in advance. Make remittance payable to the “National 
Bureau of Standards”, and send with order, using the blank form facing page 
3 of the cover. 

The prices are for delivery in the United States and its possessions and jn 
countries extending the franking privilege. To other countries the price of 
MT1 is 65 cents; that of MT2, MT3, MT4, MTS, MT6, MT7, MT8, MT9, 
and MT10 is $2.50 each; and that of MT11 is $1.50; remittance to be made 
payable in United States currency. 

Copies of these publications have been sent to various Government depositories 
throughout the country, such as public libraries in large cities, and colleges and 
universities, where they may be consulted. 

A mailing list is maintained for those who desire to receive announcements 
regarding new tables as they become available. A list of the tables it is planned 
to publish will be sent on request. 











